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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
 For approximately 60 years, the National Oceanic and Atmospheric Administration 
(NOAA) have maintained a database of severe thunderstorm events (i.e., tornadoes, damaging 
winds, and large hail) reported in the United States.  Climatological analysis of these records 
indicates that a majority of documented tornadoes in the United States (U.S.) occur in the central 
Great Plains, a region commonly referred to as “Tornado Alley” (e.g., Concannon et al. 2000).  
Coincidentally, the topography throughout much of this region is mostly flat, with only few areas 
having topographic features of any significance.  However, an appreciable number of tornadoes 
occur in other parts of the U.S. where the topography can be quite undulating.  For example, on 
27 April 2011 an outbreak of long-tracked and violent tornadoes occurred in the Southeast U.S, 
with 199 confirmed tornadoes (NOAA 2011).  Many of these tornadoes tracked through regions 
with complex and substantial topography, particularly in Alabama and northwest Georgia on 
northward through parts of the Appalachians.   
 Yet, an understanding of the effects of topography on tornado structure and intensity 
remains extremely limited.  A few related studies exist; however, the primary focus has been on 
topographically-induced effects on storm-scale processes, leading to conditions that may affect 
the tornado development or maintenance process (e.g., Bosart et al. 2006; Markowski and 
Dotzek 2011).  Further, damage surveyors working in complex topographic regions have no 
context from which any noted effects of topography can be ascertained in their analysis, other 
than perhaps mentioning any significant topographic features in proximity and speculating on 
what effects may be occurring (e.g., Schneider 2009; Klimowski 2011).  Thus, the formal 
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literature is devoid of any studies exploring the effects of complex topography on tornado 
structure and intensity. 
 The purpose of this dissertation is to explore the near-surface interaction of a tornado or 
tornado-like vortex with complex topography.  Three research components were designed for 
this dissertation.  In the first component, patterns of digitized tree-fall from aerial photos taken 
shortly after the Joplin, MO and Tuscaloosa-Birmingham, AL tornadoes were geospatially 
related to the underlying topography using a Digital Elevation Model (DEM).  A comparison 
was also performed between tree-fall in complex versus relatively flat topographical regions.  
Additionally, a method of estimating the mean near-surface wind field from the pattern of tree-
fall within a given region was developed that expands upon previously established methods.  In 
the second component, laboratory experiments were performed using Iowa State University’s 
Tornado and Microburst Simulator to better understand near-surface tornado-topography 
interaction.  Idealized two-dimensional models of an escarpment and a ridge and a scaled three-
dimensional representation of the surface from a section of the Tuscaloosa-Birmingham, AL 
tornado track where an apparent topographically-induced damage pattern occurred were used 
with a translating tornado-like vortex.  In the third component, several non-standard damage 
indicators from recent strong tornadoes were analyzed. 
 
Research Background 
During the past few decades, several studies have examined the properties of a tornado-
like vortex.  Early studies were conducted using laboratory simulators, and focused mostly on the 
dynamics near the surface (e.g., Ward 1972; Snow et al. 1980).  These studies found that the 
structure of the vortex can depend strongly on the angle of near-surface inflow entering the 
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vortex. Inflow with large radial velocities produced an apparent single-cell vortex.  As the inflow 
angle was increased, increasing the tangential component of the velocity, the vortex transitions to 
a two-cell structure and eventually breaks down into multiple vortices.  To give more 
quantitative description to this observation, Davies-Jones (1973) and subsequent studies adopted 
the use of the non-dimensional swirl-ratio parameter.  As will be discussed, swirl ratio can take 
on many forms, but traditionally it is defined as 
2Qa
Γ
2Qh
Γr
S 0  ,  (1.1) 
where r0 is the radius of the updraft; Γ, the circulation at r0 (i.e., angular momentum); Q, the 
volume flow rate per axial length or the volume flow rate across the updraft; h, the inflow depth; 
and a, the internal aspect ratio: h/r0 (e.g., Church et al. 1979; Snow et al. 1980).  Essentially, S is 
the ratio of the tangential velocity at the edge of the updraft to the mean vertical velocity in the 
updraft.  Low swirl-ratio values are associated with single-cell vortices, and as the swirl-ratio 
increases, the transition to two-cell and eventually two-cell with multiple-vortex structure occurs. 
 With recent advancements in computational abilities, the understanding of near-surface 
vortex dynamics has been significantly improved using axisymmetric (e.g., Walko and Gall 
1986; Fiedler 1993; Trapp and Davies-Jones 1997; Nolan and Farrell 1999) and three-
dimensional (e.g., Lewellen et al. 1997; Lewellen et al. 2000; Le et al. 2008) Computational 
Fluid Dynamics (CFD) simulations.  These numerical studies have found a similar vortex 
structure dependency on near-surface inflow.  However, Lewellen et al. (2000) found that slight 
adjustments in the inflow boundary conditions, while holding the swirl ratio and other 
parameters constant, can have a profound impact on vortex structure.  Thus, a relationship cannot 
be established between the traditional swirl ratio and vortex structure in every case.  
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Consequently, they propose implementation of a more robust expression for the swirl ratio, 
called a local corner flow swirl ratio, defined as 
Υ
Γr
S
2
c
c
 ,  (1.2) 
where rc is the core radius in the quasi-cylindrical symmetric region of the vortex above the 
surface: Γ∞/Vc, where Vc is the maximum tangential velocity in the quasi-cylindrical region, Γ∞ is 
the angular momentum flowing into the domain, and Υ is the total depleted angular momentum 
flux flowing from the surface into the corner flow region.  Lewellen at al. show that a maximum 
in near-surface vortex intensity occurs for Sc around 1.2, corresponding to a low-swirl corner 
flow structure (Fig. 1.1).  Here, intensity is defined as the ratio of the average maximum 
tangential wind speed and minimum surface pressure to their respective values at rc (Fig. 1.1a) 
and the ratio of the average maximum and minimum vertical velocities to the average maximum 
tangential velocity. Importantly, they suggest that any mechanism responsible for transitioning Sc 
closer to (further from) a value of approximately 1.2 will lead to vortex intensification (decay) 
near the surface.  Considering a tornado with Sc > 1.2 initially, intensification results when low 
angular momentum flow far from the tornado centroid is eventually ingested into the tornado.  
They accomplish this by increasing surface roughness, increasing tornado translation speed, or 
introducing low angular momentum flow outside or below the broad-scale circulation.  Lewellen 
et al. notably point out that the later of these may be of critical importance to this aspect of 
research.   
A revival of laboratory tornado simulation studies has occurred in the formal literature 
(e.g., Haan et al. 2008, Mishra et al. 2008) in the last few years.  These experiments are 
motivated by the desire to understand the effects of tornado-induced wind loads on built 
structures.  The results from these studies may ultimately improve building codes in areas of the 
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country most at risk for tornadoes, reducing damage, insured losses, and potentially fatalities.  In 
recognition of the ambiguities associated with defining swirl ratio pointed out by Lewellen et al. 
(2000), Haan et al. (2008) compose another more robust definition of swirl-ratio for laboratory 
experiments.  In their study, the traditional definition of swirl-ratio is transformed as follows: 
 
Q
Vr
Q
Vrr
Qh
r
S max
2
0max000
2
)2(
2
  

 .  (1.3) 
 
In Eq. 1.3, the definition of circulation is adapted from Nolan and Farrell (1999), where Vθmax is 
the maximum tangential velocity at the radius of maximum winds (RMW).  In addition to 
evaluating the swirl-ratio dependent vortex structure, these recent studies have conducted a 
variety of sensitivity tests, such as modifying surface roughness, translation speed, updraft 
velocity, and floor height, to determine how vortex structure is affected.   
A topic not investigated in the aforementioned modeling studies is the effect of 
topography on the structure and intensity of a tornado-like vortex.  To date, tornado vortex 
simulations have used only a flat ground-plane.  It is reasonable to assume that since most 
tornadoes documented in the U.S. occur in the central Great Plains, topography is essentially a 
non-issue.  However, it is important to recognize that the central U.S. is not completely devoid of 
complex topography.  Areas such as western and northeastern Iowa, southwestern Oklahoma, 
northwest Texas, much of Arkansas, and southern Missouri have many long, steep ridges or 
escarpments.  Furthermore, an appreciable number of tornadoes occur in the southeast U.S., 
where topography associated with the southern Appalachian Mountains is quite undulating (Fig. 
1.2).  Figs. 1.2a and 1.2b show the variation in elevation and terrain slope values, respectively, in 
the aforementioned regions.  Yet, little is known about the sensitivity of tornado vortex structure 
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and intensity to the underlying topography, even though it is well known that topography can 
have a profound influence on localized wind flows. 
The interaction of straight-line boundary-layer wind flow over idealized and real-world 
topographical features, such as ridges, valleys, and escarpments, has been well documented by 
observational (e.g., Bowen 1979; Quinn et al. 1998), experimental (e.g., Bowen and Lindley 
1977; Bradley 1980; Yang et al. 2011), and numerical (e.g., Jackson 1979; Patterson and Holmes 
1993; Kim et al. 1997) studies.  The focus of these studies includes dispersion of atmospheric 
pollutants or trace constituents, and wind engineering applications for building structures, 
including maximizing power generation in wind turbine arrays.  A variety of idealized 
topographic features have been modeled with varying sizes, shapes, scales, etc.  A few common 
idealized topographic features have emerged, including a two-dimensional ridge, a two-
dimensional escarpment, and a three-dimensional axisymmetric hill.  In these modeling studies, a 
typical logarithmic vertical wind profile is generated upwind of the topographic feature, and for 
simplicity, neutral stratification is assumed.  Vertical profiles of wind speed are obtained at 
various points along the downstream direction of the topographic feature.  These studies find that 
a “speed-up” effect occurs at the crest of a topographical feature.  This phenomenon is typically 
attributed to and described by the Bernoulli equation, 
 
2
22
1
2
2
12
1
1 VpVp        
2
121
22
2 )( VppV   ,   (1.4) 
 
where if p1 > p2, V2 > V1.  Bowen and Lindley (1977) give quantitative description to this effect 
by computing an amplification factor, Az.  The amplification factor is defined as the ratio of the 
7 
 
 
mean wind speed at a given height above the surface to the mean wind speed of the undisturbed 
flow upstream of the topographical model.  In their simulations with flow ascending four 
different escarpments, they find an Az of approximately 1.8 occurs near the top of the 
escarpments near the surface, and a region of shelter is present near the escarpment base, where 
Az reduces to values around 0.3 to 0.5  (Fig. 1.3).  More contemporary studies use a speed-up 
ratio, rather than using Az.  The results of several observational, experimental, and numerical 
studies have been compiled by Bitsuamlak et al. (2004), and are shown in Fig. 1.4 for an 
escarpment, and in Fig. 1.5 for a ridge.  Although the computed speed-up ratios from Bowen and 
Lindley (1977) are near the high end compared to many other escarpment studies, an appreciable 
speed-up of the flow is common, particularly for a two-dimensional ridge. 
In recognition of the well-established understanding of wind flow over complex 
topography, the American Society of Civil Engineers (ASCE) report of the Minimum Design 
Loads for Building and Other Structures (ASCE 2005) includes a topographic effect factor, Kzt, 
which must be accounted for in the general design of structures built on the upper-half of isolated 
escarpments, ridges, and hills (where upwind flow is not unobstructed by any similar 
topographic features in proximity).  Velocity pressure coefficients used to compute structural 
wind loads are multiplied by Kzt.  This topographic effect factor is expressed as, 
 
2
321 )1( KKKK zt   ,   (1.5) 
 
where K1 accounts for the shape of the topographic feature and the maximum speed-up near the 
crest, K2 is related to the reduction of speed-up with distance upwind or downwind of the crest, 
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and K3 takes into account the reduction in speed-up with height above the local ground surface.  
If topography is a non-issue, Kzt = 1. 
 In addition, complex topography is now beginning to gain attention within the severe 
storms research community.  Studies have used observations (e.g., Hanneson et al. 1998, 2000; 
LaPenta et al. 2005; Bosart et al. 2006) and numerical modeling (e.g., Frame and Markowski 
2006; Ćurić et al. 2007, Markowski and Dotzek 2011) to determine how complex topography 
may affect the structure and evolution of mesoscale convection systems, supercells, and 
conditions leading to tornadogenesis.  For example, Bosart et al. (2006) surmise that southerly-
inflow to a storm crossing the Hudson River Valley (approximately 1 km change in elevation) 
was channeled parallel to the valley floor, which significantly modified the low-level vertical 
wind profile, therefore increasing the storm-relative helicity of inflow parcels and potentially 
influencing tornadogenesis as the storm crossed the valley (Fig. 1.6).  Interestingly, several 
occurrences of tornadogenesis similar to the Bosart et al. (2006) study are noted in Hanneson et 
al. (1998; Fig. 1.7). 
As illustrated, significant topographic features can profoundly affect the direction and 
speed of winds near the surface.  Both numerical and experimental studies of tornado-like 
vortices have shown that vortex structure and near-surface intensity depends strongly on the 
characteristics of flow entering the vortex near the surface, but these studies have only 
considered a flat ground-plane.  Thus, the understanding near-surface vortex dynamics could be 
strengthened by further study in the area of complex topography.  The purpose of this 
dissertation is to make use of facilities at Iowa State University, in addition to observations of 
tornadoes and their damage swaths from the 27 April 2011 tornado outbreak and the Joplin, MO 
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tornado, to explore various aspects related to the interaction of tornadoes with complex 
topographic features.   
 
Research Hypothesis 
 Three research components have been designed and constructed with respect to the goal 
of this dissertation, which is to explore the near-surface interaction of a tornado or tornado-like 
vortex with complex topography.  In the first component, aerial photos taken shortly after the 
Joplin, MO and Tuscaloosa-Birmingham, AL tornadoes of 2011 were used to digitize tornado-
induced tree-fall.  These databases of observed tree-fall were used to construct a normalized, 
mean cross-section of tree-fall relative to the line of maximum damage within a user-defined 
section of the track.  This cross-section was used to subjectively select the optimal solution from 
an analytical vortex model coupled with a random distribution of critical tree-falling wind speeds 
based on the EF-Scale.  The hypotheses associated with the first component are: 1) The 
geospatial method for computing normalized, mean cross-sections of tree-fall will result in 
improved subjective estimates of near-surface winds from tornadoes.  2) The observed damage 
from the tornado will exhibit topographical influences in complex topographical regions.  To test 
the first hypothesis, the method developed for computing model and observed cross-sections of 
tree-fall will be compared to prior studies that couple an analytical vortex model with a model 
for tree-fall for estimating the near-surface wind field in a tornado.  To test the second 
hypothesis, the aerial photos from the Tuscaloosa-Birmingham tornado were examined for 
possible connections between the observed damage and the underlying topography. 
 For the second component, laboratory simulations of a tornado-like vortex were 
performed to examine the interaction of the vortex with idealized models of topography.  
Additional tests were performed with a three-dimensional reconstruction of a portion of the 
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Tuscaloosa-Birmingham tornado track where a possible topographically-induced pattern of tree-
fall occurred. The hypotheses associated with the second component are: 1) The simulated vortex 
will undergo changes in structure and intensity while traversing the idealized models of 
topography.  2) Flow within two valleys where enhanced damage occurred will exhibit a 
channeling effect with strong radial wind components.  These hypotheses were tested by 
acquiring measurements of surface pressure and wind velocity, from which the pressure 
tendency and surface wind evolution were examined. 
 In the third component, several new observations of extreme damage from recent strong 
tornadoes were analyzed.  These damage indicators are either not currently listed in the EF-scale, 
or expand upon documentation of presently listed damage indicators.  The hypothesis associated 
with the final component is: The documentation of new damage indicators from recent violent 
tornadoes will help establish a broader set of performance-based damage criteria in rating 
future tornadoes.  To test this hypothesis, an evaluation of the EF-scale’s ability to provide 
ratings to violent tornadoes is performed.  An estimation of the wind speed necessary to cause 
the observed level of damage to each newly identified damage indicator was estimated, where 
possible, and suggestions for how to include these new damage indicators in the EF-scale is 
provided. 
Dissertation Organization 
Three papers to test the above hypotheses are developed and assigned to three separate 
chapters. The first paper, Analysis of Tornado-Induced Tree-Fall Using Aerial Photography from 
the Joplin, MO and Tuscaloosa-Birmingham, AL Tornadoes of 2011, is assigned Chapter 2 and 
has been submitted to the Journal of Applied Meteorology and Climatology. The second paper, 
Laboratory Investigation of Topographical Influences on a Tornado-Like Vortex, is assigned 
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Chapter 3 and will be submitted to Monthly Weather Review. The third paper, On the use of Non-
Standard EF-Scale Damage Indicators to Categorize Tornadoes, is assigned Chapter 4 and will 
be submitted to Weather and Forecasting. Finally, in Chapter 5, general conclusions and 
potential directions for future research are presented. 
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Figure 1.1. Non-dimensional ratios representative of peak near-surface vortex intensity as a 
function of the local corner flow swirl ratio (Sc) using (a) the average maximum tangential wind 
and minimum surface pressure relative to their respective values at rc and (b) the ratio of the 
average maximum and minimum vertical velocities to the average maximum tangential wind 
speed.  Peak intensity occurs when Sc is near 1.2.  Figures are from Lewellen et al. (2000). 
(a) 
(b) 
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Figure 1.2. (a) Digital Elevation Model (DEM; 2.5 degree horizontal resolution) for the 
contiguous U.S. (meters), and (b) terrain slope values (degrees) derived from the DEM.  Hatched 
areas indicate regions with a 1 tornado per 100 km2 density, based on 1950-2009 tornado starting 
points. Note: slope values are lower than perhaps anticipated, due to the coarse horizontal 
resolution of the DEM. 
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Figure 1.3. Contours of amplification factor (Az) in a y-z cross-section for (a) a cliff, (b) 1:1 
escarpement, (c) 2:1 escarpment, and (d) 4:1 escarpment.  Figure is from Bowen and Lindley 
(1977).
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Figure 1.4. (a) Schematic of an idealized two-dimensional escarpment and the dimensions used 
to calculate (b) non-dimensionalized maximum speed-up ratio versus normalized height.  Figure 
is from Bitsuamlak et al. (2004). 
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Figure 1.5. As in Fig. 1.3, except for an idealized two-dimensional ridge.  Figure is from 
Bitsuamlak et al. (2004). 
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Figure 1.6. Aerial depiction of the mesocyclone track (yellow line, yellow x denote positions) 
and the tornado damage path (orange filled areas) from a storm that crossed the Hudson River 
Valley.  The direction of surmised channeled flow is depicted.  Figure is from Bosart et al. 
(2006). 
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Figure 1.7. Ground tracks historical tornadoes occurring in the Upper Rhine valley. Numbers at 
tracks correspond to dates of occurrence: 1.) 4 Jul 1885, 2.) 7 Jun 1952, 3.) 27 Apr 1960, 4. a, b) 
10 Jul 1968, 5.) 8 May 1985, 6.) 23 Jul 1986, 7.) 21 Jul 1992, 8. a–d) 9 Sep 1995. Cities denoted 
with black squares as follows: N = Nußbach, Pf = Pforzheim, Stg = Stuttgart, Str = Strasbourg.  
Figure is from Hannesen et al. (1998). 
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Abstract 
In this study, aerial imagery of tornado damage is used to digitize the falling direction of 
trees (i.e., tree-fall) along the 22 May 2011 Joplin, MO, and 27 April 2011 Tuscaloosa-
Birmingham, AL, tornado tracks.  Normalized mean patterns of observed tree-fall from each 
tornado’s peak intensity period are subjectively compared to results from analytical vortex 
simulations of idealized tornado-induced tree-fall to characterize mean properties of the near-
surface flow as depicted by the model.  A computationally efficient method of simulating tree-
fall is applied that uses a gumbel distribution of critical tree-falling wind speeds based on the 
Enhanced Fujita scale.  Results from these simulations suggest both tornadoes had strong radial 
near-surface winds. 
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A few distinct tree-fall patterns were identified at various locations along the Tuscaloosa-
Birmingham tornado track.  Concentrated bands of intense tree-fall, collocated with and aligned 
parallel to the axis of underlying valley channels, extended well beyond the primary damage 
path.  These damage patterns are hypothesized to be the result of an acceleration caused by 
channeling of the flow within valleys.  Another distinct pattern of tree-fall, likely not linked to 
the underlying topography, may have been associated with a rear-flank downdraft (RFD) internal 
surge during the tornado’s intensification stage.  Here, the wind field was strong enough to 
produce tornado-strength damage well beyond the visible funnel cloud.  This made it difficult to 
distinguish between tornado- and RFD-related damage, and thus illustrates an ambiguity in 
ascertaining tornado damage path width in some locations. 
 
1.  Introduction 
Aerial oblique photography has been used to document and assess tornado damage for 
several decades (e.g., Fujita et al. 1967, 1970, 1976; Davies-Jones et al. 1977; Fujita 1981, 
1989).  This work was pioneered by Dr. T. Theodore Fujita and his colleagues, who used such 
photos to remotely observe tornado damage, compose damage paths, and relate scouring patterns 
to near-surface tornado dynamics.  Aerial oblique photos were critical in identifying cycloidal 
"suction" marks, or lines of debris deposition, within the damage paths of many tornadoes.  
Fujita surmised that these marks were the result of multiple vortices orbiting the parent tornadic 
circulation, a hypothesis that has been investigated recently by numerical simulation (e.g., 
Lewellen and Zimmerman 2008). 
Aerial analysis of tornado damage has primarily utilized oblique photos (photos taken at 
an angle greater than 3 degrees from vertical).  Although aerial oblique photos can reveal 
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information not easily determined from the ground, their utility in spatial analysis is limited by 
difficulties in accurately determining distances.  In contrast, aerial vertical photos (photos taken 
at an angle less than 3 degrees from the vertical) have an approximate constant scale throughout, 
allowing measurements to be made from the photo for subsequent geospatial analysis.  However, 
the use of aerial vertical photographs for tornado documentation has been somewhat limited.   
Fujita (1989) used aerial vertical photos and stereo image pairs, in addition to oblique 
aerial photos, to document a rare F-4 tornado occurring on 21 July 1987 in Wyoming.  This 
tornado traversed complex terrain on either side of the Continental Divide at elevations that 
ranged from approximately 2380 m to 3270 m above sea level.  In addition to objectively 
determining the tornado's starting point, ending point, length, and spatially-varying width, Fujita 
used the vertical aerial photos to map the generalized direction of fallen trees (i.e., wind-fall or 
tree-fall) overlaid on topographic maps.  From this analysis, Fujita identified converging and 
diverging tree-fall patterns within the tornado damage path.  Differences in these patterns were 
primarily attributed to microbursts in close proximity to the tornado.  Fujita noted that 
identifying patterns in tree-fall would be difficult, if not impossible, without the aid of aerial 
photos.   
Fujita’s study is one of many studies to document and analyze patterns in tornado-
induced tree-fall (e.g., Letzmann 1923; Hall and Brewer 1959; Budney 1965; Fujita 1981; 
Bluestein 2000; Peterson 2003).  As in Fujita (1989), a common theme among these studies is 
the converging tree-fall within the tornado damage path that results from the complex near-
surface flow-structure in tornadoes.  In an attempt to understand the tornadic wind field causing 
these convergent tree-fall patterns, more recent studies have employed an analytical model of a 
translating Rankine vortex combined with modeled tree stands to produce composite charts of 
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simulated tornado-induced tree-fall (Holland et al. 2006; Bech et al. 2009; Beck and Dotzek 
2010).  Through an iterative and subjective process, a pattern of tree-fall resembling that which 
occurred in nature is produced, and the resulting pattern of winds in the vortex is estimated. 
Although the analytical vortex model may be considered simplistic, the results provide an 
encouraging and alternative means of estimating properties of the near-surface wind field in 
tornadoes.  Prior to 2011, relatively few aerial vertical photos had been taken of tornado-induced 
tree-fall, especially from strong tornadoes.  Consequently, the number of fallen trees that could 
be used as observations to verify these modeling studies has been quite limited, and verification 
attempts have generally relied on small patches of instantaneous tree-fall from mostly weak to 
moderate strength tornadoes. 
 The purpose of the present study is to utilize high-resolution aerial vertical photos of the 
2011 Tuscaloosa-Birmingham (EF-4) and Joplin (EF-5) tornado tracks to document tornado-
induced forest damage and to better understand the behavior of near-surface winds in and near 
strong tornadoes.  Two approaches were taken to accomplish this goal.  First, mean cross-
sections of normalized observed tree-fall during the peak intensity period from each tornado 
were compared to results from analytical vortex simulations of idealized tornado-induced tree-
fall.  These simulations were performed using a gumbel distribution of critical tree-falling wind 
speeds based on the Enhanced Fujita (EF)-scale (Wind Science and Engineering Center; WSEC 
2006) recommendations for tree damage with increasing wind speed.  The goal of the analysis 
presented herein is to provide a method of verifying the simulation results that improves upon 
methodologies used in prior studies (e.g., Bech et al. 2009; Beck and Dotzek 2010) by reducing 
subjectivity when comparing the modeled results and observations.  The suggested properties of 
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the near-surface wind field are documented in each case and compared to findings from damage 
assessments conducted by the National Weather Service (NWS).  
A second approach was taken to document and analyze a few distinct tree-fall patterns 
identified along the Tuscaloosa-Birmingham tornado track.  Concentrated bands of tree-fall were 
observed to extend well beyond the primary damage path, especially in areas of complex 
topography.  These damage patterns are analyzed for possible connections to factors external to 
the tornado, such as the underlying topography or rear-flank downdraft (RFD) internal surges 
(RFDIS; e.g., Finley and Lee 2004; Lee et al. 2004; Marquis et al. 2012; Lee et al. 2012).  
Additionally, the spatial extent of the tornado-induced tree-fall from the Tuscaloosa-Birmingham 
tornado was compared to video documentation of the tornado to show that tornado strength 
winds can extend well beyond the condensation funnel near the ground.   
 
2.  Methodology 
a.  Tornado tracks 
The National Oceanic and Atmospheric Administration's (NOAA) National Geodetic 
Survey (NGS) obtained aerial vertical photos along many tornado damage paths shortly after the 
27 April 2011 tornado outbreak and along the 22 May 2011 Joplin tornado damage path.  The 
photos were acquired at a nominal altitude ranging from 1524 – 4572 m with a ground sampling 
distance of 0.25 m per pixel.  The photos are freely available on the NGS web site (NGS 2011a, 
2011b).   
In this study, aerial vertical photos of the Joplin and Tuscaloosa-Birmingham tornadoes 
were imported into ArcGIS and spatially-referenced using the nearest Universal Transverse 
Mercator (UTM) zone projection.  From these photos, fallen trees were identified and manually 
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digitized as polyline features with the starting and ending points of each line representing the 
base and tip of each fallen tree, respectively.  Approximately 10,300 fallen trees were identified 
and digitized along the Joplin tornado track, beginning at the tornado starting point and ending 
where the tornado track crossed Interstate 44 (Fig. 2.1a).  Along a majority of the Tuscaloosa-
Birmingham tornado track, approximately 94,500 trees were digitized (Fig 2.1b). 
Using the spatial extent of the digitized tree-fall, damage paths for each tornado were 
digitized as polygon features.  The approximate location of the most intense damage was 
digitized as a line along the direction of translation for each tornado.  The translation direction 
for each tornado was computed using the maximum damage line vertices.  Additionally, base 
velocity radar data from the nearest Weather Surveillance Radar-1988 Doppler (WSR-88D) site 
were used to estimate positions of the tornado vortex signature (TVS; e.g., Brown et al. 1978).  
The digitized TVS positions were used to estimate the approximate translation speed of each 
tornado.  
A Digital Elevation Model (DEM; USGS 2011) of 30 m horizontal resolution was used to 
estimate changes in elevation along each damage path via an iterative process by 1) densifying 
the maximum damage line with vertices of 30 m spacing, 2) computing a buffer around each 
vertex using the damage path radius, 3) extracting DEM points within each buffer, and 4) 
computing the mean and standard deviation in elevation within each buffer.  The goal of this 
process was to better visualize the variation of the underlying topography within each tornado’s 
damage path.  The variation of each tornado’s translation speed, elevation (ASL), damage path 
width, and translation direction are presented in Figs. 2.2 and 2.3 for the Joplin and Tuscaloosa-
Birmingham tornadoes, respectively. 
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b.  Analytical vortex simulation of idealized tornado-induced tree-fall  
The analytical vortex model described in Holland et al. (2006) was used to simulate a 
tornado-like vortex traveling through a forest.  This model assumes a Rankine velocity 
distribution using the following set of equations: 
1
maxmaxtan
 rRVV   if maxRr  ,  (2.1) 
max
1
maxtan RrVV
  if maxRr  ,  (2.2) 
1
maxmax

 rRVV rr   if maxRr  ,  (2.3) 
max
1
max RrVV rr

  if maxRr  ,  (2.4) 
where Vmax is the maximum tangential wind velocity, Vr-max is the maximum radial wind 
velocity, Rmax is the radius of maximum tangential velocity, r is the radial distance from the 
geometric center, and Vtan and Vr are the tangential velocity and radial velocity at r, respectively. 
The radial profile of Vtan in Eq. (2.2) is based on the conservation of angular momentum, and 
although the radial profile of Vr in Eq. (2.4) is similar to Vtan, its physical basis is uncertain.  
Cyclostrophic imbalance in the near-surface layer may lead to a faster rate of change in Vr than 
given in Eqs. (2.3) and (2.4), perhaps approaching r-2 rather than r-1 (D. Lewellen, personal 
communication).  Tests performed with this adjustment compared to those using Eqs. (2.1) – 
(2.4) produced a narrower vortex, especially as the ratio of Vr to Vtan increased.  Achieving 
consistency with observed tree-fall required increasing the magnitude of the wind field, with 
peak wind speeds exceeding 134 m s-1 (300 mph) while increasing the ratio of Vr to Vtan.  
Although extreme wind speeds of this approximate magnitude cannot be ruled out, at least for 
the cases presented herein, the analytical vortex model described in Eqs. (2.1) – (2.4) appeared 
more reasonable with respect to vortex width and peak wind speed inferred from damage 
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severity.  Additionally, the use of this analytical model allowed the results to be comparable with 
the work of Holland et al. (2006) and Beck and Dotzek (2010). 
 To model a moving tornado-like vortex, the translation vector of the vortex, Vs, was 
added to the v component of the velocity vector (meridional component) at r.  The resulting 
vortex translates from bottom to top (i.e., south to north).  The model used a grid spacing of 10 
meters and adheres to the recommended time step given by Beck and Dotzek (2010), 
sV
y
t

  , (2.5) 
to avoid under-sampling the flow.  A "tree" was specified at each grid point by using a gumbel 
distribution of critical tree-falling wind speeds, Vcrit (Fig. 2.4), and the model was iterated 
forward by simulating vortex passage through the grid of idealized trees.  Visualization of this 
process is available on the following supplemental Web page 
http://www.meteor.iastate.edu/~ckarsten/research/treefall_animations.html. 
 The gumbel distribution used in the present study was based subjectively on the EF-
scale's recommendations for values of Vcrit corresponding to both hardwood and softwood tree 
species, and was generated using the numpy module for Python.  Note that the range of wind 
speeds corresponding to each degree of damage for trees in the EF-Scale was estimated though 
expert elicitation (WSEC 2006).  The distribution is right-skewed to represent how a given stand 
of trees might behave with increasing wind speed.  The lower- and upper-bounds given for 
uprooting and snapping of trees roughly corresponds to the distribution's inter-quartile range.  A 
sharp cutoff in Vcrit exists below the 25
th percentile, with no trees falling in winds below 32.6 m 
s-1 (73 mph; lower-bound wind speed for uprooting of softwoods).  The inclusion of some trees 
requiring Vcrit above the 75
th percentile suggests that relatively few of the remaining trees left 
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standing (likely well streamlined) will fall, due to factors such as wind or debris loading.  This is 
based on a common observation of many trees left standing (albeit largely de-branched/denuded) 
in violent tornadoes (i.e., EF-4+). 
 The computation of idealized tree-fall presented herein differs greatly from methods used 
in prior studies.  Both Holland et al. (2006) and Beck and Dotzek (2010) used a tree model, with 
some minor differences, to iteratively compute the lateral force induced on individual trees by 
the wind and record the wind direction when the tree’s bending moment exceeded the tree’s 
resistance. The method presented herein represents a considerable computational simplification 
to this established method; however, the goal of both methods is essentially the same.  Figure 2.5 
presents a comparison of the idealized tornado-induced tree-fall patterns produced with the EF-
scale-based gumbel distribution to a set of results from Holland et al. (2006) and Beck and 
Dotzek (2010) using an identical vortex simulation.  In this case, Vtan = 49 m s
-1, Vr = 40 m s
-1, 
Vs = 18 m s
-1, and Rmax = 75 m.   
 Our simulations compare best with those from Beck and Dotzek (2010), as evidenced by 
the reasonable agreement in the tree-fall patterns in Fig. 2.5 and the presence of two convergence 
lines on Figs. 2.5b and 2.5c.  A convergence line is defined as an area where trees fell in a 
converging pattern at an approximately consistent tornado-relative location (vertical gray lines in 
Fig. 2.5).  However, a lack of tree-fall is present on the left side of Fig. 2.5c, compared to Fig. 
2.5b.  To investigate this matter, Fig. 2.6a was created to show the simulated vortex responsible 
for producing the tree-fall patterns in Fig. 2.5 along with the cross-section of maximum along-
track wind speeds for the translating vortex (Fig. 2.6b).  Winds on the left side of the vortex 
beyond a radius of 150 m do not exceed 27-29 m s-1 (60-65 mph), thus implying Beck and 
Dotzek (2010) assume some trees will fall in winds at and below these values.  Likewise, Fig. 
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2.6 can be used to diagnose why many trees do not fall beyond a radius of 150 m on the right 
side of Fig. 2.5a.  Figures 2.6a and 2.6b show winds on the right side of the vortex beyond a 
radius of 150 m are at or below approximately 49 m s-1 (110 mph; i.e., EF-2).  Beck and Dotzek 
(2010) argued that the values of Vcrit used by Holland et al. were too high, and the analysis of 
Fig. 6 supports this notion.  Given the similarity of our results to those from Beck and Dotzek 
(2010), we believe our proposed method is suitable for reproducing tornado-induced tree-fall 
patterns in a computationally efficient manner that is directly related to the EF-scale.  
 
c.  Tree-fall verification 
The method of reproducing observed tornado-induced tree-fall established in Bech et al. 
(2009) and Beck and Dotzek (2010) involves performing simulations until subjectively-identified 
agreement is reached between the modeled tree-fall pattern or modeled wind field and a selected 
portion of observed tree-fall along the tornado track.  This method assumes that the tornado is in 
a quasi-steady state while producing the instantaneous pattern of tree-fall, and that the 
distribution of critical tree-falling wind speeds is properly represented.  Additionally, this method 
may work well in instances where the observed tree-fall is well organized, and is somewhat easy 
to interpret.   
In the present study, an alternative method of comparing modeled versus observed tree-
fall was developed by computing a mean cross-section of normalized observed tree-fall oriented 
perpendicular to the tornado path within a user-specified section of the track.  The goal of this 
method was to reproduce a mean-state of the tornado though analysis of the mean tree-fall 
patterns.  This method aims to reduce the impact of heterogeneities that may result in 
disagreement when trying to compare instantaneous tree-fall.  Additionally, this proposed 
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method may work better for long-tracked tornadoes and in sections of the track where dense 
coverage of digitized tree-fall with widely-varying fall directions makes the pattern difficult to 
interpret.  In this study, this method was applied to a section of each track corresponding to the 
tornado’s peak intensity to highlight a potentially useful way for future damage assessments to 
determine or confirm a tornado's assigned maximum EF-scale rating, especially in regions 
lacking non-vegetative damage indicators.  An example is given in Figure 2.7 for the Joplin 
tornado. 
Tree-fall directions were determined using the beginning and ending points of each 
digitized line representing a fallen tree.  The tornado translation direction was assigned to each 
fallen tree by performing a spatial join (i.e., joining two datasets using nearest distance).  This 
method provides an objective way of conducting tree-fall normalization (Fig. 2.7a).  It is 
important to note that knowing the precise tornado translation direction when each tree fell is 
impossible, but we believe this method is reasonably accurate based on the relative consistency 
of each tornado’s translation directions evident in Figs. 2.2d and 2.3d.  The normalization was 
performed by subtracting the tornado’s estimated translation direction from each tree’s digitized 
falling direction.  This results in a tornado moving due north (Fig. 2.7a), as is done in the vortex 
simulations (Fig. 2.7e), and allows for direct comparison between the modeled results and 
observations (Figs. 2.7d and 2.7h).  Both the modeled and observed tree-fall were partitioned 
into 100 m wide bins, based on the distance from the line of maximum damage (observed; Fig. 
2.7b) or the zero-line (modeled; Fig. 2.7f), and a mean, normalized falling direction was 
computed for all tree-fall residing in each bin (Figs. 2.7c and 2.7g).  The mean cross-section of 
normalized observed tree-fall was plotted along the x-axis (west to east) and extended into the y-
direction for reference (Figs. 2.7d and 2.7h).  Many renditions of simulated tree-fall patterns (as 
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shown in Fig. 2.7h for the Joplin tornado) were generated by fixing Rmax and Vs, and adjusting Vr 
and Vtan until subjective agreement could be identified (i.e., “best-fit”) between the simulated 
and observed tree-fall patterns. 
It is important to acknowledge a key assumption in this process.  The observed line of 
maximum damage and the model zero-line are assumed to roughly coincide with the same 
approximate tornado-relative location when vortex translation is accounted for in the analytical 
vortex model.  As can be seen on Fig. 2.6a, adding Vs to the v component of the wind causes the 
vortex center to shift left of the geometric center.  Because the path of maximum damage will be 
related to Rmax, but may also be associated with other factors, the location with respect to Rmax is 
not known with certainty.  For the Spencer, SD F-4 tornado in Wurman and Alexander (2005), 
the most intense damage occurred at a distance approximately 66% of Rmax from the centerline, 
and they speculated that this dislocation could be the result of radar effects (debris centrifuging 
or tapering of the vortex with height).  However, these authors also suggested that in addition to 
peak wind gust, the duration of intense winds, directional variability, and upstream debris may 
be important factors influencing damage.  Thus, while the model geometric center (with vortex 
translation) likely does not specifically lie along the line of maximum damage, we believe it is 
close enough to allow this simplifying assumption in the observations-model comparison 
methodology. 
In some areas, the aerial view of tree-fall was obscured by debris or forest canopy.  Thus, 
higher-resolution aerial imagery (Joplin tornado) or ground survey documentation (Tuscaloosa-
Birmingham tornado) was used to confirm the location and falling direction of some trees, where 
possible.  Trees with unclear fall directions were not digitized.  Additionally, the direction of a 
fallen tree is assumed to represent the instantaneous wind direction when the flow reached a 
31 
 
 
critical speed necessary to cause the tree to fall.  This may not be exactly true for every fallen 
tree, especially for trees that may have become completely airborne.  Such trees, however, were 
a very small percentage of the digitized tree-fall, with the vast majority observed to have fallen 
with part of their root or stem structures remaining connected to their original location, allowing 
the original assumption to remain valid in most instances.  
 
3.  Results 
a.  Joplin, MO, tornado 
The Joplin tornado formed on the southwest side of the city at approximately 2235 UTC 
and lasted until about 2305 UTC (Fig. 2.2).  At the beginning of its life cycle, the tornado 
underwent a rapid intensification.  The tornado’s damage path grew to a width of nearly 2 km in 
a span of about 5 minutes while the tornado traveled east-northeast at approximately 15 m s-1.  
Hereafter, the tornado entered its mature stage and was at peak intensity as indicated by the 
NWS damage indicator ratings in Fig. 2.2c.  At this time the tornado began to slow from an 
approximate translation speed of 15 m s-1 to 11 m s-1 while the damage path width remained 
between 1.7 and 1.9 km.  Upon entering its decay stage, the tornado began to turn toward the 
southeast while its translation speed increased.  The remainder of the decay stage was marked by 
a steady decrease in the damage path width, while the tornado traveled toward the east-southeast 
at 14-15 m s-1.  The underlying topography shows no significant undulations, with a maximum 
variation of approximately 20 m within any given buffered region along the track and total relief 
of about 50 m from beginning to end (Fig. 2.2b). 
Mean cross-sections of observed normalized tree-fall from the three life-cycle stages, as 
indicated in Fig. 2.2, show distinctive characteristics (Fig. 2.8).  A gradual transition of Vcrit from 
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a southeast to easterly (to southeasterly in Fig. 2.8a, northeasterly in Figs. 2.8b and 2.8c) 
direction occurs as the maximum damage line is approached from the right side (looking 
downstream along the tornado track).  A convergence line is evident very near the maximum 
damage line in all three cases.  Near the convergence line, an abrupt transition of Vcrit occurs 
toward a northwesterly direction and extends to the left edge of the track.  Also, the patterns 
exhibit differences in radial extent and symmetry about the maximum damage line.  Tree-fall 
from the intensification and mature stages are skewed toward the right side of the maximum 
damage line, while in the decay stage, tree-fall are skewed toward the left side. 
It is important to note that the patterns from the intensification (Fig. 2.8a) and decay (Fig. 
2.8c) stages are likely partially skewed by a significant amount of tree-fall that took place near 
the part of the path considered to be the mature stage (Fig 2.8b).  To investigate how much 
skewing might be occurring, an analysis was performed using the first 2 km section of the track 
(not shown).  This analysis showed a reversal in the orientation of the central convergence line 
evident in Fig. 2.8, suggesting that the wind field was weaker here compared to other parts of the 
track (discussed further below), as might be expected with a developing tornado.  Thus, 
ascertaining a representative mean state of a tornado during periods encompassing significant 
changes in intensity is problematic. 
Another notable difference in the observed tree-fall plots in Fig. 2.8 is a divergent 
signature present on the far right side in Fig. 2.8b, and to a lesser extent in Fig. 2.8a.  This 
signature is marked with mean Vcrit winds transitioning from a south to southeasterly direction.  
This stands out because it is not present in any of the model results from Holland et al. (2006), 
Beck and Dotzek (2010), or any of the other model results produced for or shown in the present 
study.  The lack of this signature in any of the model results likely implies that the mechanism 
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responsible for producing this pattern of damage is beyond the capability of the analytical vortex 
model. Beck and Dotzek (2010) note a similar pattern of divergence in their Fig. 7b, and suggest 
this type of signature may be the result of falling tree interaction or terrain effects.  However, as 
noted in Fujita (1989), a divergent pattern of tree-fall may be attributable to strong downdraft 
winds.  Thus, it is also quite possible that this type of signature could be the result of strong RFD 
winds closely bounding the tornado on its right flank.  The location of tree-fall contributing to 
this signature can be seen on the southern side of the track in Fig. 2.1a between the 
intensification and mature periods.  Further discussion regarding RFD winds as a possible 
influence on some tree-fall is given in the section 3c. 
Numerous simulations were performed with the analytical vortex model in an attempt to 
reproduce the mean pattern of normalized observed tree-fall shown in Fig. 2.8b.  This section of 
the track was selected to characterize the tree-fall pattern while the tornado was most intense.    
An intriguing aspect of the observed tree-fall is the central convergence line that is oriented with 
a component of tree-fall to the south.  Assuming a vortex translation speed of 11 m s-1, the 
observed pattern of damage can be reproduced using a variety of model configurations.  For 
example, if one assumes a wide Rmax (i.e., 400 m) the vortex must be configured with a small 
ratio of Vtan to Vr in order to centralize the convergence line.  Additionally, the vortex must be 
near EF-4 strength (74 m s-1) to reproduce the southward orientation of the convergence line and 
radial extent of tree-fall.  As the intensity of the vortex is weakened, the orientation of the 
convergence line reverses owing to a reduction of trees falling on the upwind side of the vortex.  
To maintain proper positioning and orientation of the convergence line while increasing the ratio 
of Vtan to Vr, Rmax must decrease and the magnitude of winds must increase.  Having an estimate 
of Rmax from a ground-based or aerial damage survey greatly simplifies this procedure. 
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The best-fit pattern of idealized tree-fall is shown in Fig. 2.9a along with a snapshot of 
the simulated vortex in Fig. 2.9b.  An animation of the simulated tree-fall for this case is 
provided in the following supplemental Web page 
http://www.meteor.iastate.edu/~ckarsten/research/treefall_animations.html.  In these figures, 
Rmax was chosen to coincide with the approximate radius of EF-3 and greater damage of 300 m 
as shown in Fig. 2.2c.  The use of these parameters resulted in a vortex with Vtan = 43 m s
-1, Vr = 
86 m s-1, and peak winds near 104 m s-1.  These results support the EF-5 rating assigned by the 
NWS.  Significant radial inflow may be unexpected based on visual observations that showed a 
wide tornado, supported by the wide damage path, and from documentation of numerous TVS 
signatures of tornadoes by mobile Doppler radars suggesting significantly higher tangential wind 
components on the lowest elevation scans (e.g., Wurman and Alexander 2005).  It is important to 
note, however, that most of these signatures are from above the near-surface inflow layer, where 
the effects of friction are less.  Nevertheless, these indications suggest two-cell vortex structure 
(Davies-Jones 1986) and may imply that near-surface winds had larger tangential than radial 
components.  However, a comparison of Figs. 1a and 1b from Lewellen et al. (2000) shows that 
a larger radial to tangential wind relationship can exist in the near-surface layer while the overall 
vortex structure remains two-celled (D. Lewellen, personal communication).  Additionally, a 
correction for the centrifuging of hydrometeors performed in Wakimoto et al. (2012) for the 
LaGrange, WY, tornado suggests that mobile Doppler radar data could be significantly biased, 
such that the magnitude of radial velocity in and near the tornado core is significantly under-
represented.   The importance of the radial velocity in the near-surface layer is supported, in part, 
by the presence of large surface roughness in Joplin owing to the high density of buildings and 
well-established trees.  Thus, significant surface roughness may increase the likelihood of a 
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vortex occurring that is similar to the one documented in Lewellen et al. (2000), or less likely, a 
low swirl-ratio vortex.  Without detailed near-surface flow measurements, it is impossible to 
know the tornado’s true structure.  Nonetheless, we feel it is important to document the model 
results while acknowledging that uncertainty exists.  
 
b.  Tuscaloosa-Birmingham, AL, tornado 
The Tuscaloosa-Birmingham tornado formed roughly 20 km southwest of Tuscaloosa 
and dissipated on the north side of Birmingham.  Before entering Tuscaloosa, tornado damage 
evident in the aerial photos was sporadic, and the translation direction was not well-defined (Fig. 
2.3d), suggesting that the tornado was less organized early in its lifetime.  Beginning on the 
southwest side of Tuscaloosa, the width of the damage path progressively increased and 
continued to increase northeast through the city.  This period may be characterized as the 
tornado’s intensification stage, with EF-4 damage observed in Tuscaloosa (Fig. 2.3c).  The 
damage path reached a maximum width of nearly 2 km on the northeast side of the city.  Tree-
fall in this region was quite extensive, but few damage indicators were available.  Based on the 
severity of tree-fall evident in the aerial photos, this part of the track may be characterized as the 
tornado’s peak intensity (Fig. 2.3c).  After sustaining a width near 2 km for about 4 km, the 
damage path over the next 15 km indicated the tornado transitioned to a more steady-state 
mature stage with a width of about 1 km that was roughly maintained for 70 km until its demise.  
The large variation in EF-scale ratings assigned during this period is likely attributable to sparse 
damage indicator availability.   
Other important features to note include the translation speed of the tornado, which 
varied between 22-28 m s-1 throughout its life (Fig. 2.3a), and the underlying topography, which 
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shows a considerable amount of variation (Fig. 2.3b).  Approximately 175 m of total vertical 
relief was encountered from beginning to end, along with many localized changes in elevation at 
various places along the track.  The city of Tuscaloosa, located 20-35 km from touchdown, 
stands out as having little variation in elevation.  Outside of this section of the track, hills and 
valleys on the order of 25-75 m in vertical relief are fairly common in any given buffered region. 
Mean cross-sections of observed normalized tree-fall from each of the tornado’s life-
cycle stages, as indicated in Fig. 2.3c, are shown in Fig. 2.10.  Patterns from the intensification 
(Fig. 2.10a) and the approximate steady-state mature (Fig. 2.10c) stages are surprisingly similar, 
both in overall appearance and radial extent.  The near-neutral orientation of the central 
convergence lines (i.e., the felled trees neither oriented northward nor southward) and radial 
extent of tree-fall suggests winds on average were weaker in strength during these periods 
compared to the peak intensity stage with a southward-directed convergence line and larger 
radial extent of tree-fall (Fig. 2.10b).  This is supported by analyses performed on smaller 
sections of the track within the approximate steady-state mature stage, revealing that the 
orientation of the convergence line becomes northward directed in some places.  Additionally, 
the convergence lines in Figs. 2.10a and 2.10b are located approximately 100 - 150 m to the left 
of the maximum damage line, while in Fig. 2.10c the convergence line is nearly collocated with 
the maximum damage line.  A more centralized convergence line in Fig. 2.10c also supports the 
notion of weaker flow in this part of the track if the ratio of Vtan to Vr is assumed to remain 
consistent. 
It is also worth noting that the patterns show similarities to those from the Joplin tornado, 
especially on the right side of the track, with the exception of the divergent signature noted in 
Fig. 2.8b.  A key difference exists on the left side of the patterns, however.  For example, the 
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peak intensity stage in Fig. 2.10b shows primarily west-northwesterly Vcrit as the centerline is 
approached from the left side, while its counterpart in Fig. 2.8b indicates primarily northwesterly 
Vcrit winds on the left side.  This subtle difference is likely attributable to an asymmetry in the 
near-surface flow field caused by differing translation speeds (11 m s-1 vs. 23 m s-1) for each 
tornado.   
The best-fit pattern of idealized tree-fall is shown in Fig. 2.9c along with its simulated 
vortex in Fig. 2.9d.  An animation of the simulated tree-fall for this case is provided in the 
following supplemental Web page 
http://www.meteor.iastate.edu/~ckarsten/research/treefall_animations.html.  Finding an ideal 
match proved to be challenging.  The asymmetry imposed on the vortex by Vs = 23 m s
-1 leads to 
the differences that can be seen on the left side between Figs. 2.10b and 2.9c, but little can be 
done to remedy these differences while maintaining proper tree-fall orientation and extent.  
Nevertheless, the best-fit vortex is shown with Rmax = 200 m (estimated from aerial 
photography), Vtan = 36 m s
-1, Vr = 76 m s
-1, and peak winds near 99 m s-1.  The results suggest 
that the tornado was of EF-5 intensity during this stage of its life, despite the EF-4 rating 
assigned by the NWS.  The EF-4 rating may be attributable to a lack of EF-scale damage 
indicators in this section of the track, as shown in Fig. 2.3c.  Interestingly, the tornado destroyed 
a railroad bridge during this period, as noted in Fig. 2.3c, implying very high wind speeds, but 
this indicator could not be used in the NWS assessment (NWS Birmingham 2012, personal 
communication).   Again, strong radial near-surface winds were needed to produce the best-fit 
tree-fall pattern.   
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c.  Distinct tree-fall patterns 
Some distinct tree-fall patterns were evident in the aerial photos of the Tuscaloosa-
Birmingham tornado damage path.  At several locations, concentrated bands of tree-fall extended 
well beyond the primary damage swath.  In most cases, these bands of tree-fall are collocated 
with valley channels.  Two of the most prominent examples are given in Figs. 2.1c and 2.1d.  
This pattern was observed most frequently on the far left side of the track in valley channels with 
an approximate orientation that was perpendicular to the tornado translation axis.  These 
observations raise questions about the relationship between near-surface inflow to the tornado 
and the underlying topography.  In particular, to what extent does the underlying topography 
influence the direction and speed of near-surface inflow, and what do these conditions imply 
about vortex structure?  It is hypothesized that the pattern of tree-fall noted in Figs. 2.1c and 2.1d 
was strongly influenced by, or was the result of, near-surface inflow to the tornado being 
channeled by the underlying topography.   
Prior studies have used observations (e.g., Hannesen et al. 1998, 2000; LaPenta et al. 
2005; Bosart et al. 2006) and numerical modeling (e.g., Frame and Markowski 2006; Ćurić et al. 
2007, Markowski and Dotzek 2011) to suggest how complex topography may affect the structure 
and evolution of severe storms and their associated wind flow.  For example, Bosart et al. (2006) 
surmised that southerly-inflow to a storm crossing the Hudson River Valley (approximately 1 km 
change in elevation) was channeled parallel to the valley floor. They suspected this channeling 
effect significantly modified the low-level vertical wind profile by directing flow parallel to the 
valley channel, increasing the storm-relative helicity of inflow parcels and enhancing the 
tornadogenesis potential as the storm crossed the valley.  Similarly, the channeling effect 
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presented herein is thought to have also led to winds increasing above the minimum threshold 
wind speed necessary to induce uprooting or stem breakage.  
It is important to note a few other factors that could have contributed to the observations 
noted in Figs. 2.1c and 2.1d.  Among these factors include inhomogeneity in tree species, age, 
and type, as well as soil moisture, depth, and type.  Perhaps the largest potential factor here is 
soil moisture.  Studies have shown that valleys can have higher soil moisture values than the 
adjacent ridges, particularly during wet periods (e.g., Western et al. 1999).  This might promote a 
shallower root structure in trees residing in valleys, making them more susceptible to uprooting 
at lower wind speeds than needed elsewhere.  In this scenario, most if not all fallen trees should 
be uprooted and no wind-induced snapping should be evident, considering that trees along the 
adjacent ridges were mostly unharmed.  To investigate this scenario, a ground survey was 
performed on 21-22 January 2012 by the lead author revealing a cross-channel gradient of tree 
damage (Fig. 2.11).  Trees along the ridges were mostly unharmed while intense tree-fall began 
about halfway down the side of each ridge and continued to the bottom of the valley with some 
snapping evident.  From the survey, it was estimated that approximately 66% of fallen trees were 
uprooted, and the remaining 33% were snapped.  It was apparent that a few of the snapped trees 
were a result of falling tree interactions.  In most cases, however, trees that were snapped 
appeared to fall as a result of wind loading.  These observations support our aforementioned 
hypothesis of topographically-induced flow channeling and acceleration.  Further testing of this 
hypothesis is being conducted with laboratory vortex experiments that will be the subject of 
future work. 
In an attempt to further evaluate potential topographical influences on the near-surface 
wind field in a broader sense, an analysis of the tree-fall was performed on “rough” and 
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“smooth” sub-sections of the damage path (Fig. 2.3b).  These sub-sections correspond to areas 
with the greatest (+/- 25 m) and least (+/- 5 m) variability in topography, respectively, within the 
approximate steady-state mature stage, and have similar values of translation speed, damage path 
width, and translation direction (Figs. 2.3a, 2.3c, 2.3d).  It is hypothesized that a positive 
correlation should exist between topographic variability and tree-fall variability.  The results of 
our analysis support this hypothesis to some degree.   
Standard deviations of the tree-fall (Yamartino, 1984) within each 100 m wide bin 
relative to the line of maximum damage (Fig. 2.12a) indicate that the rough sub-section has, in 
general, more variability in tree-fall directions compared to the smooth sub-section, with an 
average difference of approximately 15 degrees between comparable bins.  A Wilcoxon rank-
sum test (Wilcoxon 1945) reveals that 8 of the 11 comparable bins were significantly different 
using a p-value of 0.05, and 5 of 11 significantly different using a p-value of 0.01.  The 
maximum in the distribution for the smooth sub-section is positioned slightly left of the 
maximum in the rough distribution and is associated with differences in the location of the 
convergence line relative to the maximum damage line as shown in Figs. 2.12b and 2.12c.   
The mean cross-sections of normalized tree-fall also show slightly different patterns, 
especially near the line of maximum damage.  The rough case shows a near neutral orientation of 
the tree-fall near the convergence line that is collocated with the line of maximum damage (Fig. 
2.12b), while the smooth case shows a southward-directed orientation of the tree-fall near the 
convergence line located approximately 100 m left of the line of maximum damage (Fig. 2.12c).  
This would indicate that the wind speeds may have been slightly stronger over the smooth sub-
section than over the rough sub-section, and this notion is supported by the EF-scale damage 
ratings within these two sections (Fig. 2.3c).  It is possible that the additional roughness from the 
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topography alone could have led to a reduction in wind speeds, if one assumes that all other 
variables, such as the tornado and its parent storm, were in an approximate steady-state. Support 
for this steady-state assumption is given by the aforementioned similarities evident in Fig. 2.3 
and by the consistency in base reflectivity from KBMX during these times (Figs. 2.12d and 
2.12e).  Thus, some evidence suggests the magnitude and directionality of the near-surface 
tornado wind field is sensitive to the degree of variability in the underlying topography. 
One broad swath of tree-fall extending well away from the primary damage path did not 
appear to be systematically related to the underlying topography.  It was located on the right side 
of the tornado damage path (Fig. 2.13) and occurred between the intensification and mature 
stages.  In the absence of near-surface observations of the tornado and near-tornado environment 
during this time, it is difficult to conclusively determine what caused this observed pattern of 
damage.  However, evolution of the Normalized Rotation algorithm (NROT; e.g., Smith and 
Elmore 2004; Lemon and Umscheid 2008) from KBMX (Fig. 2.14) suggests the TVS was 
reaching peak intensity near and just downstream of the location of the tree-fall swath.  The 
presence of a strong anti-cyclonic signature on the southern flank of the track (Fig. 2.14) along 
with a sharp increase in inbound radial wind speed within the RFD region noted on KBMX radar 
at 2215:28 UTC (not shown) suggests an RFDIS may have occurred.  An RFDIS is accompanied 
by a sharp increase in wind speed and often by changes in thermodynamic characteristics 
compared to the RFD airmass preceding it.  Tornado intensification has been temporally 
associated with RFDISs (e.g., Finley and Lee 2008; Lee et al. 2010; Lee et al. 2012).  The 
placement of the tree-fall swath compares well with observations of an RFDIS in Lee et al. 
(2012, see their Figs. 11 and 12), particularly near the surge’s leading edge.  Thus, it seems 
plausible to establish a connection between the swath of tree-fall shown in Fig. 2.13 and an 
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RFDIS.  It is unlikely a satellite tornado could have produced the damage since trees in this 
region did not show a convergent pattern and appeared to fall mostly from a consistent direction.   
Lastly, two publically-available videos of the tornado on YouTube were geo-located 
using Google Street View to mark the approximate location of each video relative to the passage 
of the tornado and relative to the tree-fall derived tornado track (Fig. 2.13).  These videos show 
the condensation funnel passing by to the north of the observers, even though the observers are 
located within the digitized swath of tree-fall.  The diameter of the condensation funnel at ground 
level was, therefore, smaller than the diameter of the swath of tree-fall.  This implies that 
tornado-strength winds extended well beyond the perimeter of the condensation funnel, a finding 
that has been previously noted in studies comparing Doppler radar velocities with photos of 
tornadoes (e.g., Bluestein et al. 1993; Bluestein et al. 1997; Wakimoto et al. 2011) and in tornado 
photogrammetry studies (Golden and Purcell 1977, 1978).  This finding makes it clear that 
differences are likely when tornado width is defined visually compared to using a damage path.  
Further complexity is added when strong RFD winds topple trees alongside the tornado track as 
suggested in Fig. 2.13.  Situations like this make distinguishing between tornado- and RFD-
related damage difficult.   
 
4.  Conclusions 
In this study, aerial vertical photos of tornado damage from the Joplin tornado of 22 May 
2011 and the Tuscaloosa-Birmingham tornado of 27 April 2011 were used to: 
 Objectively compose damage tracks for conducting geospatial analysis of each tornado’s 
translation speed, translation direction, width, and underlying topography. 
 Document tornado-induced tree-fall along each tornado’s path. 
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 Develop alternative methods of simulating and verifying analytical vortex simulations of 
idealized tornado-induced tree-fall. 
 Identify tree-fall patterns likely induced by external factors, such as RFD winds or 
underlying topography. 
 Geospatially relate the approximate condensation funnel diameter to the width of the 
damage path as indicated by tree-fall. 
The use of aerial vertical photos in tornado damage surveying has been somewhat 
limited, likely attributable to the high costs associated with obtaining such detailed imagery.  
Yet, as we have shown, these photos are valuable for objectively identifying the location and 
geospatial variation of features along a tornado damage path.  We recommend continued 
acquisition of this imagery from future high-end tornado events, and from events that present a 
challenge to damage surveyors, such as long-track tornadoes, multiple tornadoes occurring over 
the same areas, and tornadoes occurring in difficult terrain.   
In addition to damage path documentation, the aerial vertical photos were used to identify 
and document the location and falling direction of individual trees along the path of each 
tornado.  The falling direction of each tree was normalized using the approximate tornado 
translation direction.  A method was developed to group the tree-fall into 100 m bins, relative to 
the approximate line of maximum damage, and compute a mean cross-section of normalized 
observed tree-fall during the various stages of each tornado.  In the future, it would be 
worthwhile to develop or utilize an image processing algorithm to automate the tree-fall 
digitization process so that techniques outlined herein or elsewhere could be used operationally. 
The mean cross-sections of normalized observed tree-fall from each tornado’s peak 
intensity region were subjectively compared to results from analytical vortex simulations of 
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idealized tornado-induced tree-fall that use a gumbel distribution of tree-falling wind speeds 
based on the EF-scale.  The best-fit results for the Joplin tornado support the EF-5 rating 
assigned by the NWS.  Results for the Tuscaloosa-Birmingham tornado were similar and indicate 
that winds may have reached EF-5 intensity.  The presence of large surface roughness and a fast 
translation speed (Tuscaloosa-Birmingham tornado only) during the analysis periods offer 
support for the indication of strong radial near-surface winds suggested by the model results.  
The low ratio of Vtan to Vr differed from expectations for tornadoes with such large damage path 
widths.  These results are subject to limitations associated with the analytical vortex model and 
uncertainties in the assumed EF-scale-based tree-falling wind speed distribution.  We encourage 
further evaluation of our methods and results using a 3-D vortex model like those employed by 
Lewellen et al. (1997) or Le et al. (2008).    We also recommend incorporating objective 
techniques to automate the selection of the best-fit result, such as least-squares fitting or Self-
Organizing Maps (SOM; e.g., Gutowski et al. 2004; Cassano et al. 2006). 
The observations were also used to identify a few distinct tree-fall patterns caused by 
possible topographical influences or strong RFD winds, possibly including a RFDIS.  In regard 
to the first of these, concentrated bands of tree-fall extending well beyond the primary damage 
swath and oriented parallel to valley channels were noted at several locations along the track, 
particularly on the left side.  These unique patterns raise some interesting questions about the 
behavior of near-surface winds in and near tornadoes.  Based on evidence from aerial 
photography and from a ground survey, we believe these patterns are the result of 
topographically-induced flow channeling sufficient to increase the speed of the flow above the 
minimum threshold necessary to induce tree-fall.  An analysis contrasting two sub-sections 
(rough vs. smooth topography) from the approximate steady-state portion of the Tuscaloosa-
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Birmingham tornado damage path showed that the underlying topography was likely influencing 
the magnitude and local direction of the near-surface wind field.   
Evidence for RFD winds in the Joplin tornado was given by a divergent signature on the 
right side of the mean cross-section of normalized tree-fall from its mature stage.  For the 
Tuscaloosa-Birmingham tornado, evidence for a RFDIS was given by an extensive swath of tree-
fall extending well to the right side of the primary damage path that did not appear to be 
associated with other factors such as the underlying topography.  KBMX radar data support the 
RFDIS at this location.  In both cases, the tree-fall contributing to these patterns occurred 
between the intensification and mature stages of the tornadoes. 
Finally, available video documentation of the Tuscaloosa-Birmingham tornado in 
Tuscaloosa confirms that the diameter of the condensation funnel was considerably smaller than 
the tornado diameter based on tree-fall.  Differences are likely when tornado width is defined 
using ground-based visuals versus aerial photos, especially on the right flank when strong RFD 
winds, often evident in a RFDIS, accompany the tornado.  Thus, differentiating between tornado 
and RFD-related damage is difficult and requires careful analysis.   
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Figure 2.1. Digitized tree-fall from the (a) Joplin and (b) Tuscaloosa-Birmingham tornadoes.  
The arrow colors denote track-relative tree-fall direction that has utility in identifying locations 
of converging or diverging tree-fall patterns.  Panels (c) and (d) show zoomed-in areas of the 
damage path where the tree-fall patterns appears to have been strongly influenced by the 
underlying topography (background DEM).  The black arrow in (d) denotes the photo location of 
Fig. 2.11. 
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Figure 2.2. Geospatial evolution of the Joplin tornado including (a) translation speed, (b) 
elevation, (c) width, and (d) translation direction.  Gray shaded region denotes portion of track 
with digitized tree-fall.  Vertical dark-gray lines delineate the approximate transition from one 
tornado life-cycle stage to another.  Numbers on panel (c) are spatially-joined EF-scale ratings 
assigned by the NWS. 
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Figure 2.3. As in Fig. 2.2, except for the Tuscaloosa-Birmingham tornado.  Sections of the track 
that are of particular interest are denoted by the dark gray shaded regions and their associated 
labels.  White star on panel (c) indicates the relative location of a destroyed railroad bridge. 
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Figure 2.4. Gumbel distribution of critical tree-falling wind speeds (light gray vertical bars, left 
y-axis) used in the analytical vortex simulations of idealized tornado-induced tree-fall.  The 
mean (µ), median (
~
x ), standard deviation (σ), inter-quartile range (µ+/-σ), minimum (min), and 
maximum (max) of the distribution are given in upper right corner.  Range of lower- and upper-
bound wind speeds for the five degrees of damage given in the EF-scale is provided for both 
hardwood and softwood trees (horizontal lines, right y-axis). 
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Figure 2.5. Comparison of idealized tornado-induced tree-fall from (a) Holland et al. (2006), (b) Beck and Dotzek (2010), and (c) the 
distribution of EF-scale based critical tree-falling wind speeds presented herein.  All panels use the same vortex depicted in Fig. 2.6.  
Vertical gray lines on panels (b) and (c) indicate lines of converging tree-fall. 
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Figure 2.6. (a) Vortex simulation corresponding to the tree-fall patterns produced in Fig. 2.5, and 
(b) cross-section of maximum along-track wind speeds from panel (a). 
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Figure 2.7. Visualized overview showing how the “best-fit” pattern of simulated tornado-induced 
tree-fall was selected for the Joplin tornado.  (a) Observed tree-fall were normalized using the 
translation direction and distance from the line of maximum damage.  (b) The mean fall direction 
in 100 m wide along-track bins was computed to reveal (c) the mean cross-section of normalized 
tree-fall.  (d) The cross-section in (c) was plotted in the y-direction for reference.  A similar 
process was carried out in panels (e) – (h), except using the simulated pattern of instantaneous 
tree-fall in (e).  Numerous renditions of panel (h) were generated until subjective agreement 
could be identified between panels (d) and (h).  Note, panel (a) shows only a portion of the 
observed tree-fall used in panels (b) – (d). 
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Figure 2.8. Mean cross sections of observed normalized tree-fall from the (a) intensification, (b) 
mature, and (c) decay stages of the Joplin tornado as indicated in Fig. 2.2.  
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Figure 2.9. Best-fit simulations of idealized tornado-induced tree-fall and the resulting analytical 
vortex wind field corresponding to the peak intensity period for the Joplin tornado (panels (a) 
and (b); observations shown in Fig. 2.8b) and the Tuscaloosa-Birmingham tornado (panels (c) 
and (d); observations shown in Fig. 2.10b).  
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Figure 2.10. As in Fig. 2.8, except for the Tuscaloosa-Birmingham tornado during its (a) 
intensification, (b) peak intensity, and (c) ~steady-state mature stages as indicated in Fig. 2.3. 
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Figure 2.11.  Cross-channel gradient in tree-fall from the Tuscaloosa-Birmingham tornado.  
Location of photo indicated by black arrow in Fig. 2.1d. 
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Figure 2.12.  (a) Comparison of tree-fall variability within the “rough” and “smooth” sections of 
the Tuscaloosa-Birmingham tornado track, as indicated in Figs. 2.1b and 2.3b.  White and black 
stars indicate significant differences using p-values of 0.05 and 0.01, respectively.  The “smooth” 
bars are partially transparent to reveal overlapped regions.  Cross sections of mean normalized 
observed tree-fall patterns are given in (b) and (c) along with contoured 0.5° tilt KBMX base 
reflectivity in (d) and (e) for the “rough” and “smooth” sub-sections, respectively. 
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Figure 2.13. Section of the Tuscaloosa-Birmingham tornado damage path encompassing the intensification and peak intensity stages.  
Approximate locations of the photos indicated by the camera icons.  Left photo courtesy of Ryne Chandler and Nate Hughett.  Right 
photo courtesy of Jason Rosolowski.   
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Figure 2.14. Evolution of the low-level rotation signature using the NROT algorithm for the Tuscaloosa-Birmingham tornado.  Small 
black lines indicate digitized tree-fall along the track. 
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Abstract 
In this study, laboratory vortex simulator tests were performed to examine how 
topographic features influence the near-surface properties of a tornado-like vortex.  It is shown 
that the path of the vortex deviates about the geometric center line, and a relaxation followed by 
a strengthening of the radial pressure gradient occurs while the vortex traverses idealized two-
dimensional models of a ridge and an escarpment. These processes are the result of vortex 
compression and stretching following the conservation of potential vorticity.  Aerial photographs 
taken of tree damage from the Little Sioux, IA Scout Ranch tornado of 11 June 2008 are used to 
support these results.  The observations and simulations suggest that winds near the crest of the 
topographic features are considerably weaker compared to winds in the adjacent valley(s).  
Additional tests were performed with a scaled-down three-dimensional reconstruction of a 
portion of the Tuscaloosa-Birmingham, AL tornado track of 27 April 2011.  In this area, tree 
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damage suggests the topography profoundly influenced near-surface inflow to the tornado by 
channeling the flow into valleys with a resulting speed up.  Experimental flow measurements 
exhibit changes in direction that closely resemble the observations; however, the strongest 
maximum wind speeds are collocated with the higher elevation ridges.  Additionally, areas of 
convergence and divergence are evident in the field of maximum recorded wind at each point of 
measurement, and aerial photographs confirm the existence of topographically-induced patterns 
of converging and diverging tree-fall in complex topographical regions, particularly along the 
outer edge of the damage path. 
 
1.  Introduction 
The structure of a simulated, tornado-like vortex can depend strongly on properties of its 
near-surface inflow (e.g., Ward 1972; Snow et al. 1980).  Consequently, the non-dimensional 
swirl-ratio (e.g., Davies-Jones 1973; Church et al. 1979; Nolan and Farrell 1999; Haan et al. 
2008) or local corner flow swirl-ratio (Lewellen et al. 2000) parameter has been used to establish 
a quantitative relationship between swirl-ratio and vortex structure.  In general, low swirl-ratio 
values are associated with single-cell vortices, with a progression toward two-cell structure as 
swirl-ratio increases.  It has been shown extensively that this relationship can be modulated by 
slight variations in the model configuration.  For example, Lewellen et al. (2000) show that a 
reduction of the local corner flow swirl-ratio results from increasing the surface roughness, 
increasing the tornado translation speed, or introducing low angular momentum flow outside or 
below the broad-scale circulation.  Additionally, Haan et al. (2008) conducted a variety of 
sensitivity tests using a laboratory vortex simulator, such as modifying surface roughness, 
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translation speed, updraft velocity, and floor height, to determine how the structure of the vortex 
is affected (see their Table 1).   
A topic not investigated in the aforementioned modeling studies is the effect of 
topography on the structure and intensity of a tornado-like vortex.  To date, tornado vortex 
simulations have only considered a flat ground-plane.  It is reasonable to do so because most 
tornadoes documented in the U.S. occur in the central Great Plains where topography is 
relatively smooth.  However, it is important to recognize that the central U.S. is not completely 
devoid of significant topographical features.  Furthermore, an appreciable number of tornadoes 
occur in the southeast U.S., where topography associated with the southern Appalachian 
Mountains is also quite undulating.  Yet, little is known about the sensitivity of tornado vortex 
structure and intensity to the underlying topography, even though it is well known that 
topography can have a profound influence on localized wind flows. 
The interaction of straight-line boundary-layer wind flow over idealized and real-world 
topographical features, such as ridges, valleys, and escarpments, has been well documented by 
observational (e.g., Bowen 1979; Quinn et al. 1998), experimental (e.g., Bowen and Lindley 
1977; Bradley 1980; Yang et al. 2011), and numerical (e.g., Jackson 1979; Patterson and Holmes 
1993; Kim et al. 1997) studies.  These studies focus on topics like the dispersion of atmospheric 
pollutants or trace constituents, and wind engineering applications for built structures, including 
maximizing power generation in wind turbine arrays.  Numerous idealized topographic features 
with varying sizes, shapes, and scales have been used in prior modeling studies.  The most 
common idealized topographic features include a two-dimensional (2-D) ridge, a 2-D 
escarpment, and a three-dimensional (3-D) axisymmetric hill.  A boundary layer wind profile is 
typically generated upwind of the topographic feature, and for simplicity, neutral stratification is 
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assumed.  Vertical profiles of wind speed are obtained at various positions along and 
downstream of the topographic feature.  A common finding is an increase in flow speed along 
the crest of a topographical feature, commonly referred to as a “speed-up effect”.  Measurements 
from several observational, experimental, and numerical studies have been compiled by 
Bitsuamlak et al. (2004).  Increases of 25% - 75% and 50% - 130% have been associated with 
flow along the crest of an escarpment and a ridge, respectively.   
Considering the aforementioned topographically-induced alterations to straight-line 
boundary layer flow, it is reasonable to expect that near-surface flow in a vortex will also 
undergo some kind of adjustment as it interacts with topography. Thus, the understanding of 
near-surface vortex dynamics would be strengthened by further study of flow interaction with 
complex topography.  The purpose of this study is to explore the interaction of a tornado-like 
vortex with its underlying topography by using idealized 2-D models of a ridge and an 
escarpment, and a three-dimensional reconstruction of a portion of the Tuscaloosa-Birmingham, 
AL tornado track of 27 April 2011.  Details regarding the experimental setup for each 
topographical feature are given in the methodology section.  Analyses of the time-dependent 
surface pressure patterns and flow measurements are given in the results section, and conclusions 
are provided in the final section. 
 
2.  Methodology 
Vortex simulations were performed using a laboratory simulator of a translating tornado-
like vortex (Haan et al. 2008).  The vortex simulator has four independent adjustable 
components, including turning vanes, fan speed, floor height, and translation speed, that 
determine the structure and intensity of the simulated vortex (Fig. 3.1).  Flow is drawn upward 
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through the centrally-located fan and an annulus of turning vanes directs the flow as it exits the 
fan and enters the outer duct, simulating the effect of a rotating downdraft.  Increasing the 
turning vane angle increases the flow circulation, and a progression toward higher swirl-ratios 
results.  The sensitivity of vortex structure to adjustments in the turning vanes, fan speed, and 
floor height is given in Haan et al. (2008), and this was used as a basis for the settings used for 
each simulation in the present study (Table 3.1).   
Three models of topography were constructed for testing with the vortex simulator.  
These models include an idealized 2-D ridge, an idealized 2-D escarpment, and a 3-D model of 
the earth’s surface in a rugged region of Alabama (Fig. 3.2).  Gaussian curves are a popular 
choice among studies examining topographically-induced effects on various near-surface flows 
(e.g., Kim et al. 1997; Mason et al. 2010; Yang et al. 2011).  Additionally, the simplicity of this 
curve offers an improved ability to develop a dynamical understanding of tornado-topography 
interactions.  The idealized 2-D ridge and the sloped portion of the escarpment were constructed 
of many 0.0127 m (0.5 inch) plywood pieces cut into the shape of a Gaussian curve using the 
following equation, 
2500
25.0 ix
eHz mi

 ,  (3.1) 
where xi is the distance from the center, zi is height of the model at xi, and Hm is the total height 
of the model.  The maximum slope of the curve was determined from a right-skewed distribution 
of topographic slope values (not shown) extracted from tornado tracks (1950-2009) using a 30 m 
resolution Digital Elevation Model (DEM; USGS 2011).  A maximum slope of 19 degrees was 
selected, which corresponds to the 99th percentile of this distribution.  Considering there are on 
average 1,500 tornadoes annually in the U.S., this would correspond to approximately 15 
tornadoes that may incur topography with a slope at or exceeding 19 degrees.   
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A flexible tamber material was used to cover the sloped portion of the 2-D models.  The 
tamber covering on the center section was cut into many small pieces that were secured with 
velcro.  The smallest of these pieces contained 80 pressure taps spaced 0.0254 m (1 inch) apart.  
The partitioning of the tamber covering allowed the pieces to be shuffled around with ease so 
that pressure and velocity measurements could be made in a time efficient manner.   
To determine an appropriate Hm, the following scaling ratio was used, 
c
c
m
m
R
H
R
H
  ,  (3.2) 
where Rm is the radius of maximum winds (RMW) of the modeled vortex (0.23 – 0.56 m), Hc is 
the real-world height of the topographic feature, and Rc is the RMW of the real-world tornado.  
In regard to Hc, Fujita et al. (1989), Hannesen et al. (1998), and Bosart et al. (2006) present case 
studies of tornadoes passing through topographical features varying between 800 m to 1000 m in 
elevation.  However, these likely represent extreme cases.  The representative height of the 
topographic models is assumed to be in excess of 100 m but no larger than 300 m, in an attempt 
to be consistent with more common topographical features in the U.S.   Based on the availability 
of materials used for constructing the topographic models, and gap distance between the ground 
plane and the simulator apparatus, Hm was fixed at 0.285 m.  Using these parameters in Eq. 3.2, 
Rc varies from 161 m - 484 m for a low swirl-ratio vortex and 393 m - 1179 m for a high swirl-
ratio vortex.  These values appear reasonable based on the climatology of tornado damage path 
widths (Brooks 2004), although Rc near or in excess of 1 km is likely quite high, and might 
represent an extreme case of a very wide tornado (e.g., Trousdale, KS tornado of 4 May 2007, 
approximately 3500 m wide damage path).  The experimental procedure for the 2-D idealized 
topographic models involved orienting the axis of each model perpendicular to the translation 
axis of the vortex simulator, and allowing the vortex to make a complete pass over each model.   
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 Prior to constructing the topographic model for the 3-D case study, an alternative method 
of determining Rc was used that is more case-specific to the Tuscaloosa-Birmingham tornado.  
The resulting scale was determined by taking the ratio of Rc to Rm.  An estimate of Rc was 
determined using the following Rankine vortex velocity relationship, 
n
V
RV
R
n
dd
c
1






 ,  (3.3) 
where V is the magnitude of the wind velocity at Rc, Rd is a radius of constant damage, Vd is the 
magnitude of the velocity at Rd, and n is the decay rate set equal to one.  In this case, Rd 
corresponds to the radius of tree uprooting, estimated to be approximately 400 m from the aerial 
photographs of the damage path, and Vd is the expected wind speed for tree uprooting listed in 
the Enhanced Fujita (EF)-scale (WSEC 2006) as 40.23 m s-1 (90 mph).  Assuming a V of 76 m s-
1 (170 mph) based on the National Weather Service (NWS) assigned EF-4 rating, Rc equates to 
approximately 210 m.  This value is consistent with visual estimates of Rc based on aerial 
photography.  Taking into account the aforementioned range of Rm, the scale ranges from 
approximately 380:1 to 920:1, depending on vortex structure. 
A horizontal grid of points was generated that was approximately scaled to 0.0508 x 
0.0254 m (2 x 1 in) and was geo-spatially aligned over a section of the Tuscaloosa-Birmingham, 
AL tornado track where a hypothesized topographically-induced pattern of tree damage occurred 
(Fig. 3.3).  Values of elevation from the aforementioned DEM were bilinearly interpolated to the 
grid of points.  The grid was divided into 1.2192 m (4 ft) square sections and imported into 
SolidWorks design software for construction of the surface using a foam cutting machine.  The 
machine used two edge profiles to make an independent axis cut along the top edge of individual 
0.0508 x 0.3048 x 1.2012 m (2 x 12 x 48 in) pieces of foam.  Pieces comprising each square 
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section were glued together.  A total of 32 square sections were made, enough to cover the entire 
6 x 9.75 m (20 x 32 ft) area of the ground plane.  Two square sections corresponding to the area 
of hypothesized flow channeling were partially hollowed out to allow for a grid of velocity 
measurements, spaced 0.1 m (4 in) apart, to be made 0.0254 m (1 in) above the surface.  Two 
vortex simulations were performed with the 3-D case study topographic model, each with 
slightly varying vortex configurations (Table 3.1).  One set of tests was conducted with a low 
swirl-ratio vortex and the other with a high swirl-ratio vortex.   
A program was written to automate vortex translation for synchronization with periods of 
data acquisition.  Measurements of surface pressure were acquired using five Digital Sensor 
Array (DSA) pressure transducers and a Zero, Calibrate, Operate (ZOC) pressure transducer 
system manufactured by Scanivalve.  Wind velocity measurements were acquired with an 18-
hole Aeroprobe omniprobe using two DSA pressure transducers.  All measurements were 
obtained at a sampling frequency of 400 Hz.  A multi-run averaging technique was needed due to 
an inability to acquire measurements throughout the simulation domain simultaneously.  This 
involved averaging wind (pressure) measurements from five (ten) identical translating vortex 
simulations.  This technique reduced run-to-run inconsistencies arising from high-frequency 
turbulence and accounted for the positioning of the topographic model relative to the vortex 
simulator.  
 
3.  Results 
a.  2-D Ridge and Escarpment 
While the simulated vortex traversed the idealized 2-D ridge, the vortex path performed 
an apparent sinusoidal deviation about the geometric centerline, particularly on the upstream side 
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of the ridge (Fig. 3.4b).  At first, the vortex deviated to the left by a distance of approximately 
0.5 Hm about one third of the way up the ridge.  At this point, the vortex began to turn back to the 
right and continued its rightward deviation until about one third of the way down the leeward 
side of the ridge.  Here, the vortex reached its maximum rightward deviation of approximately 1 
Hm from the geometric centerline.  The vortex gradually returned to the geometric centerline as 
the vortex continued descending the remaining portion of the ridge.   
The evolution of minimum surface pressure while ascending and descending the 2-D 
escarpment exhibits a behavior that is similar to what occurred for the 2-D ridge (Figs. 3.5b and 
3.5e).  While ascending the escarpment, the vortex deviated to the left of the geometric center by 
a distance of about 0.75 Hm approximately half way up the feature.  At this point the vortex 
began turning back toward the geometric center for the remaining part of its ascent.  
Interestingly, an elongated region of enhanced pressure reduction exists on the left side of the 
track near the crest line (Figs. 3.5b and 3.5c).  The mechanism responsible for generating this 
phenomenon remains unclear.  In addition to being aligned quasi-parallel to the crest line, the 
pattern of enhanced pressure reduction began well prior to vortex passage and continued until the 
vortex center passed the crest line.  This would indicate that flow was likely descending the 
escarpment as the pattern began to manifest.  If the flow was primarily descending the 
escarpment when the pattern occurred, then perhaps flow separation was occurring, leading to 
the generation of horizontal vorticity that quasi-paralleled the crest line and resulted in an 
elongated area of enhanced pressure reduction (Hu et al. 2011, their Figs. 10 and 11).  Given the 
speculative nature of this discussion, we encourage future investigation of these hypotheses with 
either laboratory or numerical simulations.  Prior to descending the escarpment, the vortex has 
already deviated well right of the geometric center by approximately 1 Hm (Fig. 3.5e).  This 
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initial rightward positioning of the vortex is likely attributable to topographic effects on the 
upstream flow feeding into the vortex, as simulations performed in the absence of topography 
show the vortex approximately aligned with the geometric center line.  Throughout the descent, 
the vortex linearly progresses back toward the geometric center.  Again, an elongation of the 
minimum pressure field exists along the escarpment crest line, with an area of enhanced 
reduction occurring on the right side of the track (Figs. 3.5e and 3.5f), but to a lesser extent than 
when ascending the escarpment. 
Although the track deviated as the vortex passed across these topographic features, the 
magnitude and spatial extent of the region with the largest pressure deficit (i.e., < 50 Pa contour 
in Figs. 3.4b, 3.5b, and 3.5e) changed very little, aside from the exceptions noted in Figs. 3.5b 
and 3.5e.  However, differing rates of change in the pressure time series were noted along the 
vortex path that appeared strongly related to the underlying topography.  This would imply that 
the magnitude of the near-surface winds was not constant (assuming the steady translation speed 
of 0.2 m s-1 allows the time series to be thought of as representing the horizontal pressure 
gradient).  Acquiring wind data to investigate this matter was not possible due to time 
restrictions.  Therefore, Figs. 3.6 and 3.7 were created which show the maximum pressure 
tendency at each point in the domain.  Here, the pressure tendency is assumed to be analogous to 
the pressure gradient over a distance equal to Hm, in a time-to-space framework.  Because wind 
speed is related to the pressure gradient through the cyclostrophic relationship, areas with larger 
changes in surface pressure should experience faster wind speeds and vice versa.   
The pattern evident in Fig. 3.6b is quite striking.  The most significant changes in surface 
pressure occur on either side of the ridge, whereas a relaxation in the pressure tendency is 
evident along and immediately downstream of the ridge crest line.  In addition, an elongation of 
70 
 
 
the pressure tendency field occurs immediately upstream of the ridge crest line, followed by a 
pronounced narrowing of the field immediately downstream of the ridge crest line.  The 
maximum changes in pressure appear to be concentrated more on the left side of the track while 
the vortex ascends the ridge and more on the right side of the track while the vortex descends the 
ridge.   
The maximum along-track change in the surface pressure tendency is provided in Fig. 
3.6c.  The blue/red color-filled regions denote the departure from the baseline maximum pressure 
tendency (taken in the absence of any topographical features) and provide a means of visualizing 
changes in vortex intensity.  The black contours in Fig. 3.6b also denote the baseline maximum 
pressure tendency for spatial identification.  It is apparent that vortex intensity is greater on either 
side of the ridge, particularly on the downstream side, and weaker along and near the ridge crest 
line.  The slope of this curve approximates the stretching term in vorticity equation so that 
compression (stretching) is present for a positive (negative) slope.  Accordingly, the vortex 
undergoes gradual compression and weakening on the upstream side of the ridge, followed by 
pronounced stretching and rapid intensification while descending the ridge.  In addition to the 
processes of vortex stretching and compression, the topographic feature likely contributes to the 
enhanced intensity on either side of the ridge by impeding the near surface inflow which likely 
leads to stronger radial velocities and a lower swirl-ratio vortex.  
Evaluation of the pressure tendency field for the 2-D escarpment also shows a pattern 
similar to the 2-D ridge (Fig. 3.7).  The vortex is slightly more intense prior to ascending the 
escarpment, then quickly transitions to a weaker vortex due to vortex compression (Figs. 3.7b 
and 3.7c).  The opposite of this progression occurs while the vortex descends the escarpment, 
with the transition between intensity states occurring more rapidly due to pronounced vortex 
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stretching (Figs. 3.7e and 3.7f).  Again, these processes can be related to increases or decreases 
of the swirl-ratio.  An elongated area of enhanced pressure change is located along the crest line 
on the left side of the track in Fig. 3.7b and is similar to the pattern noted in Fig. 3.5b.  This 
unique feature would suggest a slight intensification of the vortex along the crest of the 
escarpment, as evident in Fig. 3.7c. 
The deviant track behavior combined with stretching and compression of the vortex can 
be explained by the conservation of potential vorticity.  A formulation of the essential dynamics 
pertaining to this behavior is provided in the Appendix, with Eq. (3.A5) as the final expression.  
This equation is representative of inviscid, homogeneous flow where mass is conserved.  
According to Eq. (3.A5), as the depth of the fluid column increases, the divergence term must be 
negative and vortex stretching ensues.  Likewise, vortex compression results when the fluid 
depth decreases.  The effect is proportional to the fluid depth, inversely proportional to the 
vortex translation speed, and independent of the relative vorticity.  In this case, changes to the 
vortex as induced by vortex stretching (compression) are analogous to reducing (increasing) the 
swirl-ratio.  Given the initial vortex configuration (high swirl-ratio), reduction of the swirl-ratio 
resulted in a progressive intensification of the vortex and vice versa. 
When interpreting the pressure tendency results, however, it is important to note that the 
translation speed of the vortex at the surface was observed to speed up and slow down upon 
ascending and descending the topographic features.  The variable translation speed may 
contribute strongly in producing the aforementioned patterns in pressure tendency.  Further 
analysis of the pressure gradient evolution is planned by computing the maximum pressure 
gradient from reproductions of the surface pressure field, using a vortex following technique.  
The results of this method will be compared to the results of the method described herein. 
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b.  Observed Tornado-Topography Interaction 
Numerous aerial photographs taken of tornado damage in regions of complex topography 
were examined for evidence that would support the notion of near-surface wind speeds 
decreasing along and immediately downstream of the ridge crest line compared to the adjacent 
areas on either side of the ridge.  A well-documented example is given in Figs. 3.8 and 3.9 from 
the Little Sioux, IA Scout Ranch tornado of 11 June 2008.  This tornado traversed the Loess 
Hills of western Iowa within a fairly uniform forest canopy (Fig. 3.8a).  The tornado appeared to 
cross a ridge in a manner similar to the experimental technique performed herein, albeit not quite 
perpendicular to the ridge crest, and the ratio of the damage path width to the ridge height 
appears to closely resemble the simulated vortex and model ridge (Fig 3.8b).   
Photographs taken of the ridge a few months after the event (Fig. 3.8c) show a pattern in 
the tree-fall that appears to closely resemble the simulated topographical influences and supports 
our aforementioned findings for near-surface wind speed evolution.  Trees in the adjacent valleys 
are more severely damaged than trees along the ridge crest line.  Additionally, trees along the 
smaller scale ridges extending perpendicular to the primary ridge crest line also exhibit less 
severe damage.  The general damage pattern was still evident in photographs taken of the area 
over a year later (Fig. 3.8d).  Closer inspection of this area using oblique aerial photography (Fig. 
3.9) shows that trees along and immediately downstream of the ridge crest line were damaged 
the least.  A significant damage gradient is also apparent along the tornado track on the 
downstream side, which corresponds well with the notion of rapid vortex intensification noted in 
Fig. 3.6c.   
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Although the patterns evident in Figs. 3.6 and 3.8 appear to correspond quite well, it is 
unclear whether the tornado track exhibits a similar sinusoidal deviation.  Tree-fall evidence 
suggests the tornado approached the ridge from the southwest, suddenly turned northward 
immediately prior to crossing the ridge, and continued its northeastward course after crossing the 
ridge.  These observations loosely correspond to the simulation results.  It is worth noting that 
the ridge was not an isolated topographic feature, and there are many other ridges and valleys in 
close proximity.  Thus, drawing a comparison between the observed and simulated track 
deviations is difficult.  Any deviation in the track direction may very well be the result of storm-
scale processes and/or feedback from topographical influences on the near-surface inflow. 
It is important to note a few caveats to the observations.  First, one must assume that the 
tornado did not undergo any significant changes in intensity induced by factors other than the 
topography.  Also, one must assume the stand of trees and its underlying soil properties were 
fairly uniform (further discussion provided in Section 3c).  The validity of these assumptions 
remains uncertain.  However, the remarkable comparability of the laboratory result to the 
observations lends credibility to these assumptions, making it seem unlikely the results are pure 
coincidence.  
The notion of the flow decreasing in speed along and immediately downstream of a 
topographic crest line is in stark contrast with results from straight-line boundary-layer flow 
simulations over similar topographic features.  As previously discussed, enhancements of 25% - 
130% over the upwind wind profile have been found.  Thus, the interaction of a rotating column 
of air with these idealized topographic models appears quite unique and is attributable to a 
different set of governing dynamics.  The speed-up effect for straight-line flow is often attributed 
74 
 
 
to the Bernoulli-principle, whereas the nearly inverse set of flow modifications shown herein can 
be attributed largely to the conservation of potential vorticity. 
 
c.  3-D Case Study 
Prior studies examining the interaction of severe storm processes with complex 
topographical regions have noted topographically-induced modifications to the low-level inflow 
to a supercell storm, which helped motivate this study.  Bosart et al. (2006) surmised that the 
Hudson River valley played a critical role in tornadogenesis by channeling the flow (i.e., more 
radially-directed near-surface inflow to the mesocyclone) and increasing the storm-relative 
helicity (SRH) of inflow parcels.  Markowski and Dotzek (2011) conducted idealized supercell 
simulations and showed that topographically-induced variations in the low-level wind profile 
(e.g., generation of vertical vorticity anomalies and enhanced/reduced SRH) and thermodynamic 
stratification (e.g., enhanced/reduced convective inhibition and convective available potential 
energy) profoundly impact supercell structure and evolution.  However, establishing a 
correlation between a supercell’s intensity and its downstream topography remains difficult due 
to non-uniformity in these and other conditions that will also affect the storm’s evolution.  
The case-study presented herein was motivated in large part by the observation of a 
unique pattern of tree damage from the Tuscaloosa-Birmingham tornado.  Here, two narrow 
swaths of tree-fall that extended far away from the primary damage path were evident in aerial 
photographs taken shortly after the event (see Figs. 3.10b and 3.10d).  These swaths of damage 
were collocated with two valleys (see Figs. 3.10a and 3.10b), and the orientation of the tree-fall 
was aligned parallel to the axes of these valleys.  It is hypothesized that tree-fall in this area was 
the result of topographically-induced channeling of the near-surface, far-field inflow to the 
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tornado.  Details regarding this hypothesis and the observations are provided in a companion 
paper on this tornado event (Karstens et al. 2012). 
Figure 3.10 presents the maximum wind speed recorded at each point over the duration of 
the simulation in the case study domain (Fig. 3.3), and the arrows denote the flow direction 
corresponding to the peak wind speed.  From Fig. 3.10 it is quite apparent that the underlying 
topography has a distinct impact on the near-surface inflow characteristics.  The direction of the 
flow is strongly modified, with lower elevation regions showing the largest topographically-
induced changes in directionality (Figs. 3.10a and 3.10c).  Flow in these regions is more radially 
directed than flow along the higher elevation regions.  Additionally, in the two valleys where 
intense tree-fall occurred, the orientations of the maximum winds are approximately aligned 
parallel to the channel.  The overall directionality of the flow in the modeled valleys matches 
well with observations of tree-fall depicted in the aerial photographs in Figs. 3.10b and 3.10d, 
and offers support for our initial hypothesis.  The similarity between the two cases also suggests 
there is perhaps less of a dependence on vortex structure.   
Although the directionality of the strongest flow corresponds well with the observations 
shown in Fig. 3.10, the strongest maximum speeds are collocated with the higher elevation 
regions in both simulations.  The patterns of tree-fall indicated in the aerial photographs suggest 
that the strongest winds were located in the valleys, not along the ridges.  An investigation of the 
flow duration, including both speed (exceeding a critical threshold) and direction (within +/- 15 
degrees of the direction of the maximum recorded speed), was performed (not shown).  It was 
found that the occurrence of strong flow in the valleys is more transient than along the adjacent 
ridges.  This might imply that the occurrence of strong flow in the valleys is the result of a gust, 
and that the tree-fall pattern could be the result of the dynamic response due to the gust.  
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However, the maximum acceleration of the flow immediately prior to the occurrence of the 
strongest winds was examined and showed no apparent correlation to the underlying topography. 
It is important to recognize several differences between the simulation environment and 
the real-world near-tornado environment.  Observations of thermodynamic indices within a 
supercell storm’s Rear-Flank Downdraft(s) (RFD) in close proximity to a tornado exhibit both 
tornado-relative variance (e.g., Markowski et al. 2002; Grzych et al. 2007) and temporal variance 
(Lee et al. 2012) that correlate with tornado intensity.  The vortex simulator used herein does not 
account for thermodynamic variation.  Additionally, it is uncertain whether heterogeneities 
existed in the underlying soil conditions and in the tree stand within the case study region.  
Perhaps the most significant factor here is soil moisture, which may promote shallower root 
structures in low-lying areas.  This, combined with climatological conditioning of the tree stand 
to the mean annual flow over the surrounding topography, may lead to trees that are highly 
susceptible to blowing down in the valley regions.  This potential factor was investigated in a 
damage survey, and evidence of snapped trees suggests the underlying soil conditions were 
perhaps not a significant factor in yielding the observed pattern of damaged trees.   
Another important factor to consider is the extent of topographical partitioning of the 
flow into its three components very near the surface.  For example, near-surface flow ascending 
a steep ridge will have a significant vertical component that will have less of an effect on 
knocking down a tree than the horizontal components.  So while the total wind speed may be 
quite significant, the magnitude of the horizontal components may be significantly less in this 
case.  The slopes bounding the two valleys in the case study region ranged from approximately 
20 to 25 degrees in vertical relief, as depicted by the DEM.  Assuming an otherwise horizontal 
wind incident on the face of the slope, this would result in no more than a 10% reduction of the 
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horizontal wind.  However, from the damage survey many areas along these slopes were found 
to have vertical relief well exceeding the DEM estimates (i.e., nearly vertical cliffs).  Thus, it is 
possible that our topographic model slightly under-represented the real-world topography and 
much of the flow ascending/descending the ridges in this area may have had a significantly 
reduced horizontal component.  
From Fig. 3.10 it is also apparent that divergence and convergence exists in the maximum 
wind field, suggesting that other topographically-induced patterns of damage should exist, such 
as lines of convergent or divergent tree-fall whose axes run approximately parallel to ridge or 
valley axes.  Lines of converging and diverging tree-fall are typically attributed to a vortex or a 
downdraft, respectively (e.g. Beck and Dotzek 2010; Fujita 1989).  This type of pattern may only 
occur if much of the tree-fall within a given area is the result of the maximum wind, an 
assumption that has the most validity along the edge of the damage path where generally weaker 
flow likely exists.   To investigate this matter, Fig. 3.11 was created which shows the divergence 
fields derived from Fig. 3.10.  Interestingly, the strongest areas of divergence are generally 
collocated with the valleys and other low-lying areas.  Areas of strong convergence are 
collocated with higher elevation ridges.  Observations of tree-fall that support these findings 
were noted at several locations from vertical aerial photographs.  An example of one area having 
an apparent topographically-induced convergent pattern of tree-fall is given in Fig. 3.12.  Note 
that Fig. 3.12 is from the right side of the tornado track, whereas the case study region is on the 
left side of the track.  This convergent/divergent tree-fall pattern is likely tied to a 
topographically-induced delay in the onset of the vortex-relative critical tree-falling wind speeds 
at a particular location (central ridge in Figs. 3.10a and 3.10b), in conjunction with the 
channeling effect noted earlier. 
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4.  Conclusions 
The influence of idealized topography on a tornado-like vortex, and the interaction of 
near-surface inflow to a vortex with the underlying topography, were investigated in this study.  
Two idealized 2-D models of topography, including a ridge and escarpment, and a 3-D 
reconstruction of a portion of the Tuscaloosa-Birmingham, AL tornado track of 27 April 2011 
were constructed for testing with a translating laboratory vortex simulator.  Measurements of 
surface pressure and wind velocity were obtained as the vortex traversed the topographic 
features. 
The evolution of minimum surface pressure from the idealized 2-D topographic features 
showed a deviation of the vortex track from the geometric center line.  For the 2-D ridge, a 
sinusoidal deviation in the track was apparent; similar trends were found for the vortex ascent 
and decent of the 2-D escarpment.  Additionally, the surface pressure tendency revealed a 
relaxation of the pressure gradient and weakening of the vortex near the crest of these idealized 
features, while an intensification occurred prior to ascent and/or during and just after descent.  
This behavior was described dynamically using the conservation of potential vorticity.  It is 
important to note that the translation speed of the vortex was not constant and may be impacting 
these results.  Future analysis of the pressure gradient evolution is planned using a vortex-
following technique. 
An additional region of enhanced pressure reduction was noted when the vortex ascended 
the 2-D escarpment.  It is unclear what mechanism is responsible for producing the enhanced 
pressure reduction.  We hypothesize that flow separation could have occurred and led to the 
generation of horizontal vorticity as flow descended the escarpment.  Very near the vortex, tilting 
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of this horizontal vorticity may have led to the more enhanced pressure reduction very near the 
vortex center.  We encourage further evaluation of these results with laboratory or numerical 
vortex simulations. 
Observations of tree-fall from the Little Sioux, IA Scout Ranch tornado provided 
compelling evidence to support our findings of near-surface wind speed evolution over the 2-D 
ridge.  Here, the tornado and topography were similar in scale to that of the simulation.  Trees 
along and immediately downstream of the ridge crest line were damaged less severely than those 
in the valleys on either side of the ridge.  A pronounced along-track gradient in tree damage also 
exists and supports the notion of rapid vortex intensification while descending the ridge.  
Deviation of the track was less apparent, and factors such as storm processes or non-isolation of 
the topographic feature may explain differences. 
A 3-D reconstruction of a portion of the Tuscaloosa-Birmingham tornado path was made 
to determine what factors led to a unique pattern of tree-fall from this tornado.  This pattern of 
tree-fall suggests that the topography channeled the near-surface far-field inflow to the tornado, 
causing intense damage in valleys while trees along adjacent ridges were mostly unharmed.  The 
simulated maximum wind field shows significant topographically-induced changes in 
directionality and speed.  The directionality of the simulated maximum winds in the valleys 
corresponds well with observations.  However, the fastest simulated maximum speeds occur 
along the ridges.  Factors that extend beyond the capability of the model, such as 
thermodynamics, inhomogeneity in the soil conditions and tree stand, and near-surface 
partitioning of the flow may be reasons for this discrepancy. 
From the results of this study, it is apparent that near-surface flow in the vortex is 
profoundly influenced by both large scale (idealized models) and small scale (3-D model) 
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topographic features.  For personnel conducting post-event surveys of tornado damage, 
accounting for topographical influences on damage intensity may add some additional 
complexity, especially if the observed changes in intensity are being related to the traditional 
tornado life-cycle or storm-scale processes.  When trying to assess the maximum damage rating 
in regions of complex topography, the results of this study suggest that efforts should focus on 
the lower elevation or valley areas.  Here, one could expect to see a narrower and more intense 
damage path.  It is important to keep in mind, however, that storm-scale processes are likely to 
affect the tornado as much if not more than the underlying topography, so higher elevation areas 
should not be avoided completely. 
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6.  Appendix 
Conservation of Potential Vorticity Formulation  
Flow inside the vortex simulator may be regarded as inviscid, homogeneous, and 
conserved.  Therefore, the potential vorticity may be expressed as follows,   
HH
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 .   (3.A1) 
where Πs is the potential vorticity, ζ is the relative vorticity, f is the planetary vorticity, and H is 
the depth of the fluid column.  Note, the planetary rotation is much smaller than that present in 
the tornado and can be neglected, i.e.,  f ≈ 0.  This allows the conservation of potential vorticity 
may be expressed as follows, 
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Assuming the vortex is spun up to a steady-state, any change in the vorticity can be assumed to 
be attributable to vortex stretching.  Thus, the vorticity equation takes on the following 
simplified form, 
























y
v
x
u
z
w
y
v
x
u
tdt
d


.  (3.A3) 
Additionally, the total derivative of H is as follows, 
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where u is the vortex translation speed.  Applying the quotient rule to Eq. (3.A2) and substituting 
in Eqs. (3.A3) and (3.A4), the potential vorticity relationship simplifies to, 
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Figure 3.1. Schematic diagram of the laboratory vortex simulator used in this study (from Haan 
et al. 2008). 
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Figure 3.2. Experimental setup of the idealized models of a 2-D (a) ridge and (b) escarpment, 
and (c) the 3-D foam case study.  The simulator apparatus is suspended above the ground plane 
and can move from left to right, and back again.  
(a) 
(b) 
(c) 
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Figure 3.3.  Portion of the Tuscaloosa-Birmingham tornado track of 27 April 2011 selected for 
down-scaled reconstruction with a foam surface (inner domain).  Test section denoted by hatched 
region.  Up-scaled components of the vortex simulator provided for reference. 
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Figure 3.4.  (a) x-z cross section of the idealized 2-D ridge, (b) x-y surface track of peak pressure 
deficit, and (c) along-track peak pressure deficit on the surface of the ridge.  Vortex translation is 
from left to right.  
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Figure 3.5.  As in Fig. 3.4, except for the 2-D escarpment with the vortex traveling uphill, (a) – 
(c), and downhill, (d) – (f).  
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Figure 3.6.  (a) x-z cross section of the idealized 2-D ridge in reference to (b) x-y surface track of 
peak pressure tendency in a given 1 second period and (c) along-track peak pressure tendency 
along the surface of the ridge.  Black contours in (b) denoted the peak baseline pressure 
tendency, and are used for normalization in (c).  Red and blue shaded regions in (c) denote the 
pressure tendency departures from the baseline using a 5 point running average.  Vortex 
translation is from left to right. 
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Figure 3.7.  As in Fig. 3.6, except for the 2-D escarpment with the vortex traveling uphill, (a) – 
(c), and downhill, (d) – (f). 
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Figure 3.8.  Vertical aerial views of a ridge that was traversed by the Little Sioux, IA Scout 
Ranch tornado of 11 June 2008 from (a) prior to the tornado in 2005, (b) using a DEM, (c) a few 
months after the tornado in 2008, and (d) over a year later in 2009. 
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Figure 3.9.  Aerial oblique view of the ridge of focus in Fig. 3.8.  Photograph courtesy of Dennis 
Crabb. 
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Figure 3.10. Maximum recorded wind speed and direction at each point over the duration of the 
simulation within the case study region indicated in Fig. 3.3.  Panels (a) and (b) are for a low 
swirl-ratio vortex simulation, and panels (c) and (d) are for the high swirl-ratio vortex simulation.  
Filled contours in (a) and (c) depict the underlying elevation using a DEM.  The background in 
(b) and (d) is a vertical aerial photograph acquired by the National Geodetic Survey (NGS; NGS 
2011) following the April 2011 Super Outbreak of tornadoes across the Southeast U.S. 
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Figure 3.11. As in Fig. 3.10, except the colored contours denote divergence of the maximum 
wind recorded at each point in the case study domain, as shown in Fig. 3.10.  
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Figure 3.12. Vertical aerial view of a section of the Tuscaloosa-Birmingham, AL tornado track 
where apparent topographically-induced patterns of convergence and divergence occurred, as 
depicted by the (a) tree-fall (black arrows), and (b) NGS aerial photography. 
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Table 3.1. Vortex simulator settings used for each topographic model. 
Case Name Vane Angle Fan Speed (%) Floor Height (m) 
Crane  
Speed (m s-1) 
2-D  
Ridge 
55 0.25 0.46 0.2 
2-D  
Escarpment 
55 0.25 0.46 0.2 
3-D Case  
Study #1 
55 0.25 0.23 0.2 
3-D Case  
Study #2 
15 0.25 0.46 0.2 
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Abstract 
Several non-standard damage indicators were discovered in three recent violent tornadoes 
and are the subject of this study.  These newly identified damage indicators are not currently 
listed in the Enhanced Fujita (EF) scale.  Yet, the EF-scale has a relatively small number of 
damage indicators that can be used to assign a violent (i.e., EF-4+) rating to a tornado.  It is 
shown that two of the damage indicators documented herein, including a metal truss tower and 
an anchored parking stop, may be good candidates for inclusion into the EF-scale for use in 
assigning a violent rating.  The other identified damage indicators should add to the broad subset 
of damage indicators already used to assign lower- to mid-range EF-scale ratings. 
 
96 
 
 
1.  Introduction 
Estimating peak winds speeds in tornadoes remains an arduous process.  The vast 
majority of tornadoes occur without having any in situ or remotely-sensed measurements of the 
near-surface flow, let alone during peak intensity.  Consequently, a tornado’s peak intensity 
continues to be estimated based on damage.  Prior to 2007, tornado intensity classifications were 
assigned using the Fujita (F)-scale (e.g., Fujita 1971).  The F-scale uses subjective estimates of 
damage severity to a limited number of damage indicators (DI).  The most extreme damage is 
used to assign an estimation of wind speed, from which an intensity rating, F-0 to F-5, is 
assigned. 
Beginning in 2007, the National Weather Service (NWS) adopted the Enhanced Fujita 
(EF)-scale (WSEC 2006).  This scale is designed to improve damage-derived estimates of wind 
speeds by establishing an objective set of performance-based damage criteria while maintaining 
consistency with the original F-scale.  The EF-scale contains 28 DIs, and each DI includes an 
arbitrary number of degrees of damage (DOD), ranging from the lowest visible threshold of 
damage to complete destruction of the DI.  Subjectively determined estimates of the expected, 
lower-, and upper-bound wind speeds are provided for each DOD.  The EF-scale presently serves 
as the field standard for assigning a maximum wind speed and intensity rating for tornadoes in 
the United States. 
An illustration of the expected, lower-, and upper-bound wind speeds associated with 
each of the 28 DIs in the EF-scale is provided in Fig. 4.1.  From this figure it is quite apparent 
that the DODs associated with most DIs do not exceed EF-4 criteria.  For example, ten of the 28 
DIs have expected winds in the EF-4 range, five of 28 at or above EF-5.  The specific DIs that 
can be used to assign an EF-5 rating include a residential structure (#2), a large shopping mall 
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(#11), a mid- or high-rise building (#18 & #19), and an industrial building (#20).  Although 
residential structures are quite common, these structures must be built to at least expected 
building practices (see Marshall 2002) for them to be used to assign an EF-5 rating.  The other 
four are typically confined to large urban centers.  Thus, the EF-scale has a limited ability of 
providing a violent (i.e., EF-4+) rating to a tornado. 
Several non-standard or supplemental EF-scale DIs were discovered in damage surveys 
of recent violent tornadoes, including the Bowdle, SD tornado of 22 May 2010 (EF-4), the 
Joplin, MO tornado of 22 May 2011, and the Tuscaloosa-Birmingham, AL tornado of 27 April 
2011.  The purpose of the paper is to provide documentation of these DIs and provide estimates 
of the wind speed necessary to produce the observed level of damage, where possible.  The 
analyses performed herein suggest that two of these DIs could add to the limited subset of DIs 
that can be used to assign a violent EF-scale rating to a tornado, while the remaining DIs should 
add to the broad set of DIs currently listed in the EF-scale for assigning a low- to mid-range EF-
scale rating.  The methods used and results of this study are located in the Analyses of Non-
Standard Damage Indicators section, followed by a discussion of these results. 
 
2.  Analyses of Non-Standard Damage Indicators 
For each tornado, a damage survey was conducted within a few days after the event 
occurred in a manner similar to Marshall (2002).  Each identified DI was documented using 
digital photography and a Global Positioning System (GPS)-enabled camcorder, and notes were 
taken on paper and spoken into the camcorder.  Each DI was geo-located either by using 
waypoints obtained from one of many GPS-enabled devices that were used, or by geo-
referencing the object using aerial photography. 
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a.  Bowdle, SD tornado – 22 May 2010 (EF-4) 
 While the Bowdle tornado was in its mature stage it passed through an electrical 
transmission line containing several metal truss towers (DI #24).  The towers were connected by 
several, approximately 3 inch diameter, power cables.  As is evident in Fig. 4.2, towers southeast 
of the tornado fell toward the northeast, and towers to the northwest fell toward the southwest 
(several others fell that are not shown in Fig. 4.2).  Two towers were located inside of the visual 
condensation funnel.  One of these towers was located on the tornado’s southern side (Fig. 4.3a).  
In addition to the tower collapsing, two of the legs were snapped from their concrete moorings 
and the remaining two legs were still attached.  According the EF-scale, this classifies as DOD 6, 
with lower-bound, expected, and upper-bound winds of 116, 141, and 165 mph, respectively.  
The other tower, located more near the center of the tornado track, had all four of its legs sheared 
off at the base (Figs. 4.3b and 4.3c).  This tower traveled northeast over a hill, while scouring out 
large sections of sod (estimated in some places to be 0.5 m deep; Fig. 4.3d).  Based on the 
scouring evidence, the tower made an abrupt turn toward the southeast, suggesting the tower 
performed a cusp-like change in direction, as shown in Fig. 4.2 and Fig. 4.3e.  Note that the 
smaller red arrows in Fig. 4.2 denote where fragments of this metal structure ended up.  It is 
estimated this tower traveled approximately 300 m from its original location (Fig. 4.3f). 
A DOD could not be assigned to the most heavily damaged tower because the level of 
observed damage exceeded the maximum DOD listed in the EF-scale (DOD 6 noted previously).  
A discussion ensued with the Aberdeen, SD (ABR) NWS about the wind speed that should be 
associated with the level of damage shown in Fig. 4.3f.  In addition to the tower damage, 
debarked hardwood trees were found just west of the tower location and were assigned an upper-
bound wind speed of 167 mph.  To remain consistent with the EF-scale, the upper-bound wind 
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speed was assigned to the most heavily damaged tower.  Therefore, an EF-4 rating was given to 
this tornado (Dave Hintz, NWS, personal communication, 2010).   
The severity of damage observed with the most heavily damaged tower raised the 
following question: what wind speed was necessary for 1) detachment of the leg(s) from the 
concrete mooring(s), and 2) removal of the tower from its original location.  According to the 
Basin Electric Power Cooperative (BEPC), stub angle iron was set in each concrete mooring, and 
the tower leg members were bolted to these stub angles (D. Hill, BEPC, personal 
communication, 2011).  As shown in Fig. 4.3b, the top sections of these stub angles were sheared 
off below the bolted connection to the leg.  For some of the legs, this detachment may have 
occurred as the tower collapsed.  However, for complete detachment to occur, winds in the 
tornado likely needed to exceed some threshold to sever the remaining leg connection(s).  It 
seems likely that this threshold wind speed was also likely enough to cause removal of the tower 
from its original location.   
Given the visual appearance of the tornado at the time (picture in Fig. 4.2), along with the 
significant damage incurred to this structure, winds speculated in the EF-4 to EF-5 range were 
proposed.  A possible analog to the observed tower damage is DOD 10 from DI #2 (complete 
destruction of a well-built residential structure, slab swept clean), with expected winds of 200 
mph (i.e., EF-5).  A key difference to consider is the porous surface area of these towers, which 
gives the towers a lower drag coefficient compared to a residential structure, especially after the 
tower has collapsed.  Also, the weight of the metal tower likely compares to, if not exceeds that 
of a residential structure.  Based on this analogy, it seems difficult to rule out winds of EF-5 
strength for this level of damage to occur with the tower.  Providing an estimate of the winds 
associated with the tower was difficult, due to the porosity of this structure and remains the 
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subject of future work.  In any event, it is recommended that DOD 7 be added to DI #24, 
associated with the detachment and removal of the tower from its original location, and that the 
findings presented herein be further evaluated by the EF-scale stakeholders group. 
 
b.  Joplin, MO tornado – 22 May 2011 (EF-5) 
Several non-standard DIs were identified in the Joplin tornado damage survey.  These 
DIs include partial destruction of antique-style light poles, removal of two storm grate covers, 
removal of a manhole cover, and lofting of two types of anchored parking stops.  All of these DIs 
were found very close to the along-track line of maximum damage in the tornado (Fig. 4.4).  A 
photograph of each DI is given in Fig. 4.5.  These DIs are not listed in the EF-scale 
documentation, except for the antique-style light poles which may qualify as DI #26.  Additional 
documentation of the DIs presented herein, the damage survey, and the Joplin tornado may be 
found at the following supplemental url: http://www.meteor.iastate.edu/~ckarsten/joplin/Joplin_ 
Tornado_Survey_Report.pdf. 
An estimation of the winds that were necessary to remove or destroy the indicators shown 
in Figs. 4.4 and 4.5 is provided in Table 4.1.  These estimates were obtained by using the 
following formula, 
AC
W
V
pair
2
 ,  (4.1) 
where V is the minimum velocity required to produce the observed damage, W is the weight of 
the object, ρair is the density of air (1.34 kg m
-3), Cp is the estimated pressure coefficient as 
induced by the atmospheric pressure drop inside the tornado, and A is the top surface areas of the 
object.  Dimensions for each damage indicator in Table 4.1 were measured, and weights were 
estimated based on reference material density.  Pressure coefficient values were taken from a 
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laboratory simulation of a medium swirl-ratio two-cell vortex.  The vortex structure was based 
on limited visual documentation of the tornado and on personal communication with local media 
who report several eye-witness accounts of an inner "eye" inside the tornado bounded by two 
regions of stronger winds.  The exact Cp values as listed in Table 4.1 were assigned based on the 
ratio of each damage indicator's distance to the line of maximum damage, relative to the 
estimated radius of peak velocity (rc ≈ 200 m). 
 As indicated in the last column of Table 4.1, the minimum wind speeds required to 
produce sufficient uplift to remove the manhole cover (Fig. 4.5a) and storm drain covers (Fig. 
4.5c) were likely not very large, 112 mph and 69 mph, respectively.  Because these damage 
indicators were located within tens of meters of the tornado center line, the vertical uplift 
associated with the atmospheric pressure drop (i.e., large Cp values in Table 4.1) was the likely 
reason for removal of these DIs at relatively low wind speeds.  Note, the Cp for the storm drain 
covers was lowered slightly due to the opening along the curb which allows water to enter the 
sewer.   
As shown in Fig. 4.4, parking stops were located in parking lots to the north and 
northwest of St. John’s Hospital, approximately 170 m to the left of the maximum damage line.  
Two types of parking stops were identified, measuring 1.83 m and 2.44 m in length.  Each 
parking stop was anchored to its original location by two pieces of rebar.  Additionally, the low 
profile of a parking stop (0.15 m tall) combined with its significant density and weight 
(exceeding 235 lbs) implies that winds were very strong very near the surface.  Some parking 
stops were found to be lofted as far as 10 m from their original location (Fig. 4.5d).  Also, there 
was little evidence to suggest that debris impact may have led to the lofting of these parking 
stops.  The minimum wind speed that was determined to move both types of parking stops was 
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estimated at approximately 205 mph.  This wind speed value is consistent with the EF-5 rating 
(winds exceeding 200 mph) assigned by the NWS.  
A second method of estimating the maximum wind speeds was employed to provide 
some validation for these estimates of wind speeds for the parking stops. This method uses the 
following empirical formula from Le et al. (2008),  
CRV ndd  ,  (4.2) 
where Vd is the tangential wind speed required to produce damage, Rd is the radius of the 
damaged region, n is the decay rate (0.95 from Le el al. 2008), and C is a constant. A value of 33 
m s-1 (~74 mph) was assigned to Vd, which was determined using a 90 mph design wind speed, 
factor of safety of 1.5, and a load factor (ratio of damage-producing tornado to straight-line 
winds) of 2.25. A value of 600 m was assigned to Rd, based on aerial photography of damaged 
residential structures. Evaluating Eq. 4.2, the constant C is approximately 145096. This constant 
was then used in the following formula,  
CRV nct  ,  (4.3) 
to estimate the maximum tangential wind speed in the tornado, Vt. Evaluating Eq. 3, this second 
method produced an estimate of 211 mph for the maximum tangential velocity. This value of Vt 
is consistent with the estimate of wind speed required to move both types of parking stops and 
the NWS rating of EF-5 (based on damage to residential structures). Thus, the consistency 
between the various methods of estimating wind speeds based on observed damage gives some 
confidence that the actual wind speeds were perhaps at or above these derived values.  
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Finally, several antique-style light poles were damaged in Cunningham Park, located 
north of St. John’s Hospital (Figs. 4.5b and 4.5e).  Based on the estimation of the tornado-
induced wind loads required to break one of these light poles (Table 4.2), it seems apparent that 
these poles broke as a result of debris impact, not from wind loading.  Note, not all of these light 
poles were destroyed (Fig. 4.5b). 
 
c.  Tuscaloosa-Birmingham, AL tornado – 27 April 2011 (EF-4) 
Two potentially new DIs were discovered in the Tuscaloosa-Birmingham tornado, 
including lofted railcars (Fig. 4.6a) and a destroyed railroad bridge (Fig. 4.6b).  Observations of 
railcars being damaged in a tornado are not unique.  For example, a line of railcars was tipped 
over in the Aurora, NE tornado of 17 June 2009 and was assigned an EF-2 rating (NWS 2009).  
In addition to being tipped over, two railcars in the line were lofted approximately 60 m and 120 
m by the Tuscaloosa-Birmingham tornado.  It is important to note, however, that these railcars 
were empty, weighing approximate 35-36 tons each (Kevin Laws, NWS, personal 
communication, 2012).  Two methods were used to estimate the wind speed in this case.  The 
first is the same technique employed for the lofted parking stops in the Joplin tornado.  This 
method suggests winds of 145 – 161 mph (i.e., EF-3) were necessary to loft the railcars (Table 
4.1).  The second method uses the surrounding tree-fall pattern coupled with analytical vortex 
simulations of tornado-induced tree-fall to estimate the mean wind field bounding this region 
(Karstens et al. 2012).  Further documentation of this second method as applied to this case may 
be found at the following supplemental url: 
http://www.meteor.iastate.edu/~ckarsten/tornado/tusc_birm/railcars.html.  This second method 
agrees with the estimation of EF-3 winds from the first method.  The agreement between these 
two methods gives some confidence to these wind speed estimates. 
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The destroyed railroad bridge was located in the part of the tornado track considered to 
be associated with the mature stage of this tornado and near the line of maximum damage.  
Relatively few standard EF-scale damage indicators were present in this region of the track, 
making an assessment of the winds associated with the destroyed bridge of high interest.  Like 
the metal truss towers, the railroad bridge is a highly porous metal structure anchored to concrete 
moorings.  As indicated in Fig. 4.6b, the metal lattice supports that compose the bridge appeared 
to disassemble upon failure of this structure.  The larger of these metal lattice supports was 
estimated to weigh approximately 72 tons (likely fell over), and the smaller metal lattice support 
(thrown up the hill) weighed approximately 34 tons (Kevin Laws, NWS, personal 
communication, 2012).  The indication that the smaller metal lattice support was transported 
some distance by the tornado is intriguing.  Providing an estimate of the winds associated with 
these observations remains the subject of future work. 
 
3.  Discussion 
As shown, the EF-scale has a limited ensemble of DIs available that can be used to assign 
a violent (i.e., EF-4+) rating to a tornado.  There is a need to expand this limited subset of DIs to 
allow for improved ratings of tornadoes that occur in the United States.  Two non-standard DIs 
documented in this study, including a metal truss tower and an anchored parking stop, are good 
candidates in helping to fill this void.  It was determined that both of these DIs could possibly be 
associated with winds of EF-5 criteria.  Several other DIs not associated with a violent tornado 
rating were identified and documented in this study.  These include storm drain covers, antique-
style light poles, manhole covers, and lofted railcars. These DIs should help to expand the 
database of DIs that can be used to assign a tornado an EF-scale rating.  Finally, a railroad bridge 
was found destroyed by the Tuscaloosa-Birmingham, AL tornado.  Providing an estimate of the 
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wind speed in this case was difficult due to the porosity of this structure and remains the subject 
of future work. 
It is recommended that the results of this study be distributed to the EF-scale stakeholders 
group for further evaluation.  Damage indicators presently listed in the EF-scale and the wind 
speeds associated with their degrees of damage came about through expert solicitation (WSEC 
2006).  Given a lack of damage indicators in the EF-scale that can be used to rate tornadoes as 
violent (i.e., EF-4+), incorporation of these new damage indicators or additions to existing 
damage indicators should improve the National Weather Service’s ability to categorize tornadoes 
and assign more appropriate ratings.  Additionally, future damage survey teams should continue 
to incorporate GIS-based methods and analyses as part of their regular damage surveying 
routine.  The precision of such information is an absolute necessity toward establishing a better 
climatological record of tornado tracks that can be used to in a wide variety of research 
applications, such as verification of the Mesocyclone Detection Algorithm (MDA; Stumpf et al. 
1998) or other rotation-based algorithms (e.g., Smith and Elmore 2004). 
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Figure 4.1. Visualization of the EF-scale damage indicators and their given expected, lower-, and 
upper-bound wind speed for each degree of damage. 
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Figure 4.2.  End locations of large objects that became airborne in the Bowdle tornado, relative 
to their origin.  Arrows indicate direction of motion and/or directional orientation.  Photo of 
tornado courtesy of Dr. Bruce Lee and Dr. Cathy Finley.   
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Figure 4.3. (a) Collapsed metal truss tower located on the southern side of the Bowdle, SD 
tornado’s damage path.  Panels (b) – (e) are associated with the severely damaged metal truss 
tower in (f).  Panel (b) shows one of the severed leg connections, while panels (c) – (e) show the 
path of the tower, as evidenced by ground scouring. 
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Figure 4.4. Track relative locations of damage indicators of interest from the Joplin, MO tornado.  
Yellow arrows approximate starting and ending locations of the parking stops.   
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Figure 4.5. Unique damage indicators from the Joplin, MO tornado, including (a) a manhole 
cover, (b) an antique-style light pole (left standing), (c) storm drain covers, (d) an anchored 
parking stop, and (e) a snapped antique-style light pole. 
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Figure 4.6. (a) Aerial vertical photo of lofted railcars, and (b) aerial oblique photo of a destroyed railroad bridge from the Tuscaloosa-
Birmingham, AL tornado.  Panel (b) courtesy of NWS Birmingham. 
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Table 4.1. Calculation of wind speeds necessary to displace observed DIs from the Joplin, MO and Tuscaloosa-Birmingham, AL 
tornadoes. 
DI 
Top Surface Area 
(A; ft2) 
Volume 
(V; in3) 
Density 
(ρ; lbs/ft3) 
Weight 
(W; lbs) 
Center Line 
Distance (r; ft) 
Radius of Core 
(rc; ft) 
r/rc Cp 
Max. Tang. 
Speed (Vt; m/s, mph) 
Manhole 
Cover 
3.14 678.58 449 176.4 0 650 0 -1.6 50, 112 
Storm 
Drain 
Cover 
3.00 216.00 449 56.2 0 650 0 -1.4 31, 69 
Parking 
Stop 1 
4.00 3384.00 120 235.0 500 650 0.77 -0.5 92, 205 
Parking 
Stop 2 
5.33 4512.00 120 313.3 500 650 0.77 -0.5 92, 205 
Lofted 
Railcar 
Size 1 
740 -- -- 70000 0 492 0 -1.6 65,145 
Lofted 
Railcar 
Size2 
621 -- -- 72000 0 492 0 -1.6 72,161 
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Table 4.2. Attributes of the antique-style light poles and the estimated tornado-induced wind 
loads required to destroy this DI. 
Antique-Style Light Pole Attribute Value 
Height1 (ft) 2.0 
Height2 (ft) 20.0 
Diameter1 (in) 5.0 
Diameter2 (in) 3.5 
Thickness (in) 0.75 
Area1 (in2) 3.9 
Area2 (in2) 2.7 
Re 5.41E+05 
CD  1 
Force  (lbs) 616.875 
Shear Stress (psi) 157.1 
Bending Moment (ft-lb) 5551.9 
Axial Stress (psi) 39.3 
Bending Stress (psi) 493.3 
Total Stress (psi) 532.6 
Max Tensile Stress (ksi) 25 
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CHAPTER 5. GENERAL CONCLUSIONS 
 
General Discussion 
 The interaction between a tornado and its underlying topography previously had not been 
studied extensively.  The goal of this dissertation was to establish a general understanding of 
how tornadoes behave in complex topographical regions through observational analysis, 
including both aerial and ground-based surveys, and by conducting laboratory simulations with 
complex topography.  Three research components were designed with respect to this goal.  The 
hypotheses associated with each research component proposed in Chapters 2-4 are addressed as 
follows: 
 The geospatial method for computing normalized, mean cross-sections of tree-fall will 
result in improved subjective estimates of near-surface winds from tornadoes (Chapter 2). 
A method was developed that computes normalized, mean cross-sections of observed 
tornado-induced tree-fall from a user-defined section of a tornado track.  This cross-section is 
compared to normalized, mean cross-sections of simulated tornado-induced tree-fall to allow for 
an estimation of the mean, near-surface wind field of the tornado.  This method takes advantage 
of geospatial tools that come with ArcGIS for automated generation of the results.  Additionally, 
the idealized stand of simulated trees, based on the EF-scale, significantly reduces the 
computational expense required by the simulation compared to prior studies. 
 The observed damage from the tornado will exhibit topographical influences in complex 
topographical regions (Chapter 2). 
The major outbreak of tornadoes that occurred in the Southeast United States. in April of 
2011 presented an opportunity to analyze tornado damage in complex topographic regions.  
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Aerial photographs and ground-based damage survey information were geospatially analyzed 
with respect to the underlying topography.  It was expected that the effects of topography on 
tornadoes would present itself in aerial imagery of tornado damage taken shortly after the event.  
Narrow swaths of intense tree-fall were found that were collocated with and aligned parallel to 
valley channels that extended approximately perpendicular to the primary damage path from the 
Tuscaloosa-Birmingham, AL tornado.  One area where this pattern of damage occurred was the 
focus of a ground-based damage survey.  The findings of these analyses suggest possible 
topographically-induced channeling and speeding up of the near-surface inflow to the tornado, 
and motivated further study using laboratory simulations as discussed in Chapter 3.  
Additionally, a comparison of observed tornado-induced tree-fall in a complex topographical 
region versus a relatively smooth topographical region of the Tuscaloosa-Birmingham, AL 
tornado was conducted.  It was shown that tree-fall in the more complex topography has more 
variation in fall direction, implying that the topography is influencing the directionality of the 
flow.  Both of these findings support the research hypothesis listed above. 
 The simulated vortex will undergo changes in structure and intensity while traversing the 
idealized models of topography (Chapter 3). 
Laboratory vortex simulations show that the near-surface characteristics of the simulated 
vortex indeed change while traversing idealized 2-D models of complex topography.  The path 
of the vortex deviates in a sinusoidal manner about the geometric center line.  Additionally, the 
pressure tendency implies that a gradual relaxation followed by pronounced strengthening of the 
pressure gradient occurs while the vortex ascends and descends the topographic features.  With 
an initial high swirl-ratio vortex, ascent of the topographic feature results in a progression toward 
a larger swirl-ratio vortex and weakening, while descent results in lowering the swirl-ratio and 
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strengthening.  It was also hypothesized that the minimum pressure inside the vortex 
increase/decrease while traversing the topographic features.  However, the results show that 
topography has little effect on adjusting the magnitude of the pressure drop inside the vortex. 
 Flow within two valleys where enhanced damage occurred will exhibit a channeling 
effect with strong radial wind components (Chapter 3). 
Laboratory vortex simulations were performed with a high swirl-ratio vortex and a low 
swirl-ratio vortex.  Results from both simulations indicated that the underlying topography in the 
case-study region has an effect of directing the strongest measured winds more radially, aligning 
the flow with the axes of the valleys and gives the appearance of a channeling effect.  However, 
the speed of the flow in the valleys is less than areas along the adjacent ridges.  Many possible 
reasons were given to explain how the intense swaths of damage could occur despite the 
contradiction in simulated wind speeds, including differences between the real-world and 
simulated environment as well as topographically-induced partitioning of the near-surface flow 
that could perhaps lessen the magnitude of the horizontal wind and resulting load on a given tree. 
 The documentation of new damage indicators from recent violent tornadoes will help 
establish a broader set of performance-based damage criteria in rating future tornadoes.  
(Chapter 4).  
Documentation of several newly-discovered damage indicators was provided in Chapter 
4.  A determination of wind speed associated with the damage to two of these damage indicators, 
a metal truss tower and an anchored parking stop, suggested winds exceeding EF-4 intensity 
were possible.  These two damage indicators may serve as excellent candidates for inclusion into 
the EF-scale for rating future violent tornadoes.  The remaining damage indicators that were 
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discovered should add to the larger subset of damage indicators already available to assign a 
lower- to mid-range EF-scale rating. 
 
Recommendations for Future Research 
 In the first component of this dissertation, there are two clear avenues for future research 
that are aimed toward operational implementation of this research.  First, the process of 
digitizing tree-fall from aerial photography was performed manually using ArcGIS.  A 
significant amount of time was spent creating this dataset, which presents an extreme limitation 
in transferring this research into operations.  It is recommended that future work explore 
incorporation or development of an image processing algorithm that automates the digitization of 
tree-fall.  Doing so will likely require high quality aerial imagery (i.e., better than 1 m).  Second, 
the comparison between the results of the analytical vortex model and the observations remains 
quite subjective.  Thus, there is a need to establish a more objective and easily repeatable 
evaluation technique.  It seems the most feasible way of accomplishing this task is to incorporate 
the use of Self-Organizing Maps (SOM; e.g., Gutowski et al. 2004; Cassano et al. 2006) to 
automatically identify the best fit.  Development of these two research objectives, combined with 
the data processing methods developed herein, should allow a damage survey team, including the 
National Weather Service, to estimate the strength of a tornado in an alternative fashion 
compared to the traditional EF-scale. 
 In the second component of this dissertation, only two idealized topographic shapes were 
considered (2-D ridge and 2-D escarpment).  More simulations with idealized topographic 
features should be performed to gain a broader understanding of tornado-topography interaction.  
This could include a 2-D valley or a 3-D hill.  Ideally, the shape of the model needs to be easily 
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configurable, but accomplishing this with a physical simulation is quite challenging.  In addition 
to incorporating more shapes into this area of research, it would be worthwhile to perform 
identical numerical vortex simulations (e.g., Nolan and Farrell 1999; Lewellen et al. 2000; Le et 
al. 2008) with these or other topographic features for comparison.   Other flow visualization 
techniques, such and Particle Imagery Velocimetry (PIV; e.g., Yang et al. 2010) should be 
incorporated into future experimental setups for timely data acquisition and enhanced resolution.  
Lastly, Appendices A and B provide thorough documentation of the experimental methods that 
were employed and the tools that were developed for this aspect of the research.  Future studies 
exploring similar aspects of the flow as performed herein should utilize this information as a 
guide for their experimental setup. 
 In the third component of this research, the observations of non-standard damage from 
strong tornadoes should be distributed to the EF-scale stakeholders for further evaluation.  
Damage indicators presently listed in the EF-scale and the wind speeds associated with their 
degrees of damage came about through expert solicitation (WSEC 2006).  Given a lack of 
damage indicators in the EF-scale that can be used to rate tornadoes as strong to violent (i.e., EF-
4 to EF-5), incorporation of these new damage indicators or additions to existing damage 
indicators should improve the National Weather Service’s ability to categorize tornadoes and 
assign more appropriate ratings.  Additionally, future damage survey teams should continue to 
incorporate GIS-based methods and analysis as part of their regular damage surveying routine.  
The precision of such information is an absolute necessity toward establishing a better 
climatological record of tornado tracks that can be used to in a wide variety of research 
applications, such as verification of the Mesocyclone Detection Algorithm (MDA; Stumpf et al. 
1998) or other rotation-based algorithms (e.g., Smith and Elmore 2004).  
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APPENDIX A. DATA ACQUISITION SOFTWARE 
 
 A software program was written that allows for data acquisition from multiple Digital 
Sensor Array (DSA) pressure transducers simultaneously while automating the controls of the 
laboratory vortex simulator.  This allowed for enhanced precision in obtaining pressure and wind 
velocity measurements from a translating vortex for subsequent analysis of time-dependent 
vortex evolution.  The program was written with an open source BASIC-like Application 
Programming Interface (API) for constructing Graphical User Interfaces (GUI) on the Windows 
operating system.  The title of the program is DSA Multi-Scan. 
In principle, the program establishes communication with each pressure transducer using 
Ethernet-based Transmission Control Protocol (TCP) and acts like a terminal program, sending 
basic commands (Scanivalve 2012) in serial upon activation of various buttons and inputs on the 
interface.  Packets of binary data are received from each DSA transducer and converted to ASCII 
format, and data logs of the raw, calibrated data are created dynamically.  Several user-defined 
options are available, including the ability to combine data logs when multiple transducers exist, 
as well as adjusting the sampling frequency, frames per scan, and duration of scanning.  A 
screenshot of the program is provided in Fig. A.1. 
This data acquisition program has been made available to and used by other research 
groups in the Wind Simulation and Testing Laboratory.  Both the undergraduate and graduate 
level courses on laboratory experimentation with wind tunnels have used this program.  
Additionally, a copy of the program was provided to the manufacturer, Scanivalve.  The program 
contains approximately 4000 lines of code.  Presently, the program will allow connection to as 
many as six pressure transducers simultaneously, or scanning of up to 96 channels of data.  The 
option for connections to several more transducers is certainly possible.  Limitations include 
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speed of the CPU and Ethernet hub.  It is recommended to use computer with at least a Pentium 
4 CPU or equivalent, and a gigabit Ethernet hub.  The latest compiled version of the program is 
available upon request. 
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Figure A.1. Screenshot of the DSA Multi-Scan Software developed to acquisition data from 
multiple pressure transducers simultaneously while automating the controls of the laboratory 
vortex simulator.  The IP address of each pressure transducer is specified by the user before 
connecting to the module.  Commands can be optionally sent to individual modules.  
Configuration options are selected by the user in the upper-right corner of the interface.  A 
debugging message window on the lower-right, along with a progress bar below it, alerts the user 
of any problems and notifies them when data acquisition has completed.  Master controls are 
selected by the user (right-center).  
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APPENDIX B. OMNIPROBE EXPERIMENTAL SETUP 
 
1.  Introduction 
The following documentation explains how to setup and obtain data from the omniprobe.  
The omniprobe is a probe used to obtain nearly omni-directional flow velocities in proximity to 
the probe.  The omniprobe is manufactured by Aeroprobe Corporation 
(http://www.aeroprobe.com/).  The procedures documented herein were formulated by the author 
of this dissertation, based on his experiences using the probe in the WiST Laboratory at Iowa 
State University and his contact with Dr. Fred Haan, Dr. Partha Sarkar, and the Aeroprobe 
Corporation. 
 
2.  Setup 
a. Omniprobe Components 
There are 3 components to the probe.  First, there is a long metal pipe that is used for 
mounting purposes, either fixed to a particular location or to a traverse system (Figs. B.1 & B.2).  
Second, the probe is attached to one end of the pipe (Fig. B.1).   The probe should have a plastic 
cover over it while in storage and not in use.  Third, 18 plastic tubes (labeled 26-43) stick out 
from the other end of the pipe.  These plastic tubes are connected to the small holes on the 
spherical surface of the probe.  The ends of the tubes are to be connected to a pressure transducer 
(discussed later). 
 
b. Experimental Configuration 
Prior to mounting the probe, the reference coordinate system of the probe needs to be 
considered.  Traditionally, this probe is used for measuring straight-line flow generated in a wind 
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tunnel.  The probe is normally positioned so the predominant flow direction is incident to the tip 
of the sphere (Fig. B.3).  Thus, the tip of the probe is taken to be the positive u-direction.  On the 
probe itself, there is an "R" on one of sides of the hexagonal base.  The side with the "R" is 
traditionally oriented vertically (with the “R” facing the floor), so that it becomes the w-
direction.  The resulting plane that is normal to the "R" surface becomes the v-direction.  The 
probe can determine flow velocity information in nearly all directions (hence the term "omni"-
probe).  There is only about a 15 degree cone of "silence", emanating from where the stem 
connects into the sphere.  Thus, it cannot measure flow coming from the rear of the probe, 
parallel to the stem. 
For three-dimensional flow experiments, such as flows produced by the tornado or 
microburst simulators, it is recommended to mount the probe such that the tip of the sphere is 
normal to the ceiling (i.e., pointed straight up) and have the “R” surface pointing in one of the 
cardinal directions (N, S, E, or W). 
 
3.  Data Acquisition 
As mentioned previously, the omniprobe needs to be connected to a pressure transducer 
system.  The pressure transducer will obtain the pressure measurements for each of the 18 taps 
on the spherical surface of the probe.  There are two pressure transducer systems available for 
use in the WiST lab.  These are called the DSA (Digital Sensor Array) and ZOC (Zero, Operate, 
and Calibrate) pressure transducers.  Both are manufactured by Scanivalve Corporation.  
However, there are some differences between these two systems.  It is important to make a note 
of the reference pressure and temperature.  These will be needed for post-processing the pressure 
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readings into wind velocity.  These reference values are typically just the ambient values in the 
lab, except if the experiments are being performed in a pressurized and/or isolated environment. 
 
a. DSA Pressure Transducer 
Each DSA module has 16 available channels to measure pressure.  Because the 
omniprobe requires 18 channels, two DSA modules are needed to acquire pressure.  A software 
program called "DSA Multi-Scan" (see Appendix A) can be used to obtain pressure data from 
multiple DSA modules simultaneously.  When connecting the tubes from the omniprobe to the 
DSA modules, connect tubes labeled 26-34 to the first 9 channels on the first DSA, and the 
remaining tubes labeled 35-43 to the first 9 channels on the second DSA (Fig. B.4).  The tubes 
must be connected in this order for it to work properly with the DSA Multi-Scan software. 
When using the DSA modules, it is recommended to power them on an independent, 
dedicated circuit using one of the orange isolated ground surge outlets located in various 
locations throughout the lab (there is one in the floor directly underneath the tornado simulator).  
Then, connect the Ethernet cables from the DSA modules to an Ethernet hub.  The hub should 
have a cable running from it to the host computer. 
When using the DSA Multi-Scan software (Fig. A.1), specify the IP address of the two 
DSA modules being used, and then connect to both.  Change the configuration settings as needed 
for the experiment.  The output filename should end in .dat.  The units of pressure should be in 
TORR.  Then, press the CONFIG ALL button (sends configuration settings to the DSAs).  Then, 
press the CALZ ALL button (performs a zero calibration on each DSA).  Make sure to check the 
"Combine Logs" and "Omniprobe" checkboxes.  Then press the SCAN ALL button.  The .dat 
data file produced by the DSA Multi-Scan software will be in the format needed for post-
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processing with the Omniprobe software.  The data file simply contains the 18 columns of 
pressure data (1-9 from DSA #1 and 1-9 from DSA #2).  See Appendix for an example. 
 
b. ZOC Pressure Transducer 
Each ZOC pressure transducer has 64 available channels to measure pressure.  Thus, only 
one module is required.  It is recommended to connect the omniprobe tubes into the first 18 
channels on the ZOC.  In the RAD program, set the UNITSCAN variable to TORR, and set 
Chan1 to 1-1 .. 1-18.  The data file produced by the RAD program will contain a row-identifier 
column, followed by the 18 columns of pressure data.  This leading row-identifier column must 
be removed before it can be post-processed with the Omniprobe software.  If using one of Dr. 
Fred Haan's matlab scripts, there may not be a need to remove this column at all.  Check the 
comments in the matlab script being used to be sure. 
 
4.  Post-Processing 
The data files containing raw pressures from the omniprobe need to be post-processed to 
convert the pressure readings into u,v,w wind components (along with other derived variables).  
There are presently two options available: Omniprobe software and Matlab scripts.   
 
a. Omniprobe Software 
The Omniprobe software that came with the probe is version 2.0.0.11.  Note, this is not 
the most current version of their software.  The software is getting older, thus, it can be a bit slow 
and tedious to get it to work properly.  It is recommended to do all data processing on the local 
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computer, and not have the software try to process or generate files located on an external 
storage device. 
When opening the software (Fig. B.5), there are three buttons labeled "PRE", "CAL 
VER", and "RED".  Only the "PRE" and "RED" buttons are of concern.  First, press the "PRE" 
button.  In the window that pops up, locate one of the .raw calibration files for the omniprobe 
and press Open.  These are probably located in the installation folder for this software.  In the 
next window, save the preprocessed file with the same name, but with the .opr file extension 
(overwrite existing .opr file).  This step needs to be performed each time the software is opened. 
Now, press the "RED" button.  In the window that pops up, locate one of the .dat files 
produced by either the DSA Multi-Scan software or the RAD software and press Open.  In the 
next window, locate the preprocessed file just created from the previous step and press Open.  In 
the next window, specify an output file name and destination, and press Save.  In the next 
window, specify the reference pressure at the time of data acquisition (in units of TORR), and 
press OK.  In the next window, specify the reference temperature at the time of data acquisition 
(in units of Kelvin), and press OK.  The software will now begin converting the pressure 
readings into flow velocities.  See the next section for an example of the output file format. 
 
b. Matlab Scripts 
Dr. Fred Haan and his students also used the omniprobe for their experiments.  A number 
of Matlab scripts were written to post-process the pressure readings into wind velocities, and 
create figures of the data.  Contact Dr. Haan (haan@rose-hulman.edu) for more information. 
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5.  Example Data 
Example data file required by the Omniprobe software for post-processing: 
-0.09953 -0.07558 -0.0987 -0.09627 -0.08904 -0.05194 -0.07406 -0.09706 -0.07023 -0.05397 -0.07137 0.0082 -0.09542 -0.08731 -0.02147 -0.0343 -0.08835 -0.07875  
-0.09679 -0.07479 -0.09771 -0.09498 -0.08702 -0.05044 -0.07217 -0.09588 -0.06856 -0.0535 -0.07027 0.0089 -0.0956 -0.08741 -0.0203 -0.03484 -0.08923 -0.07894  
-0.09582 -0.07329 -0.09582 -0.09488 -0.08606 -0.04894 -0.07198 -0.09519 -0.06876 -0.05472 -0.07016 0.009 -0.09514 -0.08731 -0.02054 -0.03506 -0.08797 -0.07934  
-0.09728 -0.0728 -0.09741 -0.09587 -0.08819 -0.04994 -0.07302 -0.09765 -0.06945 -0.05284 -0.07077 0.00939 -0.0957 -0.08712 -0.01914 -0.03572 -0.08822 -0.07953  
-0.09855 -0.07548 -0.0983 -0.09707 -0.08872 -0.05104 -0.07566 -0.09755 -0.07121 -0.05359 -0.06986 0.01087 -0.09607 -0.08587 -0.01995 -0.03343 -0.08885 -0.07835  
-0.09865 -0.07538 -0.0982 -0.09627 -0.08914 -0.05104 -0.07424 -0.09785 -0.07072 -0.05463 -0.06815 0.0084 -0.09514 -0.08635 -0.02019 -0.03539 -0.08961 -0.07816  
-0.09894 -0.07339 -0.09791 -0.09697 -0.08723 -0.04994 -0.07255 -0.09647 -0.06837 -0.05406 -0.06926 0.0089 -0.09495 -0.08846 -0.01797 -0.03582 -0.08659 -0.07855  
-0.0963 -0.0726 -0.09622 -0.09418 -0.0868 -0.04853 -0.07198 -0.09568 -0.06837 -0.0535 -0.07218 0.01176 -0.09635 -0.08635 -0.01995 -0.03397 -0.08759 -0.07914  
-0.09689 -0.0719 -0.09642 -0.09488 -0.08787 -0.04964 -0.07405 -0.09657 -0.06817 -0.05463 -0.07047 0.01038 -0.097 -0.08693 -0.02147 -0.03408 -0.09112 -0.07757  
-0.09865 -0.07359 -0.0982 -0.09617 -0.08872 -0.05134 -0.07519 -0.09922 -0.072 -0.05604 -0.06845 0.0087 -0.09273 -0.08942 -0.01902 -0.03593 -0.08873 -0.07835  
-0.09914 -0.07548 -0.10029 -0.09697 -0.08936 -0.05245 -0.07528 -0.09942 -0.07249 -0.05472 -0.07077 0.0088 -0.09421 -0.08903 -0.01809 -0.03746 -0.0852 -0.08131  
-0.09963 -0.07469 -0.0991 -0.09717 -0.09063 -0.05194 -0.07481 -0.09765 -0.07023 -0.05246 -0.07278 0.01186 -0.09672 -0.08654 -0.02147 -0.03484 -0.08885 -0.08003  
-0.09777 -0.07429 -0.09761 -0.09448 -0.08776 -0.04884 -0.07274 -0.09627 -0.06954 -0.05576 -0.06986 0.00919 -0.09672 -0.08702 -0.0224 -0.03386 -0.09238 -0.07678  
-0.09777 -0.07349 -0.09691 -0.09577 -0.08691 -0.04974 -0.07283 -0.09676 -0.06964 -0.05623 -0.06896 0.00712 -0.09458 -0.08971 -0.01785 -0.0367 -0.08936 -0.07875  
-0.09865 -0.07439 -0.09781 -0.09737 -0.08872 -0.05044 -0.07547 -0.09883 -0.07062 -0.05369 -0.07147 0.00959 -0.09644 -0.08913 -0.01879 -0.038 -0.08633 -0.0818  
-0.10119 -0.07528 -0.10019 -0.09886 -0.09117 -0.05305 -0.07481 -0.10001 -0.0718 -0.05359 -0.07288 0.01226 -0.0983 -0.08741 -0.02345 -0.03419 -0.09049 -0.08121  
-0.1011 -0.07608 -0.10088 -0.09737 -0.08989 -0.05164 -0.07405 -0.09873 -0.07229 -0.05717 -0.07087 0.00989 -0.09607 -0.08827 -0.02112 -0.03452 -0.09074 -0.07737  
-0.10022 -0.07548 -0.0991 -0.09717 -0.08819 -0.05164 -0.07415 -0.09775 -0.07092 -0.05633 -0.07047 0.0084 -0.09467 -0.09047 -0.01902 -0.03604 -0.08797 -0.07934  
-0.09855 -0.07369 -0.09721 -0.09508 -0.08712 -0.04833 -0.07189 -0.09637 -0.06945 -0.05397 -0.07258 0.01127 -0.09718 -0.08932 -0.02042 -0.03713 -0.08835 -0.08199  
-0.09924 -0.07409 -0.09771 -0.09587 -0.08808 -0.05074 -0.075 -0.09745 -0.06896 -0.05416 -0.07268 0.01107 -0.09857 -0.08721 -0.02415 -0.03299 -0.09024 -0.08012  
-0.10002 -0.07469 -0.0991 -0.09747 -0.09085 -0.05084 -0.07537 -0.09922 -0.07121 -0.05661 -0.07037 0.00801 -0.09653 -0.08932 -0.02205 -0.03419 -0.09087 -0.07806  
-0.10207 -0.07628 -0.10009 -0.09896 -0.09223 -0.05265 -0.07547 -0.1006 -0.07249 -0.05538 -0.07087 0.0088 -0.09625 -0.09105 -0.01972 -0.03604 -0.08848 -0.08072  
-0.09963 -0.07618 -0.10029 -0.09717 -0.09021 -0.05084 -0.07537 -0.09952 -0.0718 -0.05359 -0.07288 0.01097 -0.09681 -0.08779 -0.02077 -0.0343 -0.0886 -0.08111  
-0.09943 -0.07479 -0.0981 -0.09597 -0.08765 -0.04964 -0.07208 -0.09627 -0.06896 -0.05425 -0.07168 0.01137 -0.09718 -0.08875 -0.02147 -0.03365 -0.08936 -0.07894  
-0.09787 -0.07349 -0.09661 -0.09458 -0.08744 -0.04934 -0.07321 -0.09696 -0.06935 -0.05529 -0.07087 0.01028 -0.09597 -0.08932 -0.02205 -0.0331 -0.08974 -0.07963  
-0.09992 -0.07498 -0.0983 -0.09607 -0.08914 -0.04994 -0.07424 -0.09794 -0.07141 -0.05472 -0.07158 0.01038 -0.09532 -0.08913 -0.01925 -0.03408 -0.0886 -0.08022  
-0.09963 -0.07558 -0.09999 -0.09717 -0.09074 -0.05134 -0.07453 -0.09981 -0.0718 -0.05406 -0.07198 0.01166 -0.09653 -0.08779 -0.02135 -0.03223 -0.08898 -0.08052  
-0.10061 -0.07588 -0.09989 -0.09707 -0.09127 -0.05084 -0.07415 -0.09971 -0.07209 -0.05378 -0.07007 0.01107 -0.0969 -0.08836 -0.0203 -0.03321 -0.08772 -0.07983  
-0.10002 -0.07518 -0.0991 -0.09627 -0.08829 -0.04944 -0.07226 -0.09765 -0.06954 -0.05444 -0.07158 0.01068 -0.09532 -0.08884 -0.01984 -0.03397 -0.0881 -0.07993  
-0.09777 -0.07449 -0.0985 -0.09577 -0.08648 -0.04843 -0.07142 -0.09657 -0.06876 -0.05369 -0.07117 0.01196 -0.09681 -0.08817 -0.0224 -0.03288 -0.08923 -0.07983  
-0.09728 -0.07369 -0.098 -0.09488 -0.08787 -0.04914 -0.07292 -0.09667 -0.06964 -0.05519 -0.07137 0.01097 -0.09644 -0.08856 -0.0224 -0.03419 -0.08948 -0.07904  
-0.09865 -0.07538 -0.099 -0.09607 -0.08893 -0.05004 -0.07424 -0.09932 -0.07102 -0.05444 -0.07097 0.01097 -0.09672 -0.08903 -0.02135 -0.03397 -0.08759 -0.08032  
-0.10002 -0.07518 -0.10009 -0.09787 -0.09053 -0.05044 -0.07594 -0.10001 -0.07131 -0.05331 -0.07228 0.01087 -0.09718 -0.08702 -0.02182 -0.03365 -0.08911 -0.08121  
-0.10012 -0.07588 -0.09929 -0.09717 -0.09106 -0.04974 -0.07358 -0.09912 -0.07141 -0.05472 -0.07248 0.01097 -0.09718 -0.08798 -0.02287 -0.03419 -0.08936 -0.08003  
-0.09806 -0.07528 -0.0983 -0.09557 -0.08851 -0.05014 -0.07283 -0.09775 -0.07003 -0.05501 -0.07158 0.00949 -0.09672 -0.08884 -0.02275 -0.03441 -0.08822 -0.07924  
-0.09787 -0.07369 -0.09771 -0.09508 -0.08797 -0.04854 -0.07226 -0.09667 -0.06915 -0.05501 -0.07379 0.01097 -0.09727 -0.08971 -0.02147 -0.03474 -0.08835 -0.0814  
-0.09846 -0.07469 -0.0986 -0.09657 -0.0884 -0.04833 -0.07349 -0.09853 -0.07092 -0.05341 -0.07379 0.01166 -0.09755 -0.08817 -0.02322 -0.0343 -0.08885 -0.08042 
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Example data file generated by the Omniprobe software: 
Vmagn[m/s] u[m/s] v[m/s] w[m/s] alpha[deg] beta[deg] theta[deg] phi[deg] Pt[Pa] Ps[Pa] R²(P/C) R²(Y/R) R²(At) R²(As) 
10.72659363 10.72527032 0.1202781713 -0.1179860035 -0.6302314223 0.6425145944 0.9 -44.44881561 101436.6786 101367.5347 1 0.836435483 0.9109876465 0.4339689053 
10.70151406 10.70019384 0.1159310244 -0.1217166543 -0.6516835766 0.6207456263 0.9 -46.39461369 101436.4892 101367.6683 1 0.836435483 0.9109876465 0.4339689053 
10.68425596 10.68293787 0.1129639734 -0.1241089372 -0.6655660679 0.6058368747 0.9 -47.69153319 101436.3595 101367.7604 1 0.836435483 0.9109876465 0.4339689053 
10.69404386 10.69272456 0.1024876802 -0.1330856445 -0.7130551064 0.5491520596 0.9 -52.40055762 101436.3821 101367.6573 1 0.836435483 0.9109876465 0.4339689053 
10.73177353 10.73044958 0.1147043015 -0.1235228003 -0.6594894483 0.6124461058 0.9 -47.11996102 101436.689 101367.4784 1 0.836435483 0.9109876465 0.4339689053 
10.70926798 10.7079468 0.1432440689 -0.08818754391 -0.4718185395 0.7664206048 0.9 -31.61833627 101436.5791 101367.6584 1 0.8889751015 0.90718158 0.3965517394 
10.68284425 10.68152633 0.1370804067 -0.09677503588 -0.5190450061 0.7352598659 0.9 -35.22105088 101436.3677 101367.7867 1 0.8889751015 0.90718158 0.3965517394 
10.65699888 10.65568415 0.1357894685 -0.09788560075 -0.5262748663 0.7301025655 0.9 -35.78643784 101436.187 101367.9376 1 0.8889751015 0.90718158 0.3965517394 
10.69127132 10.68995236 0.1165848339 -0.1208671231 -0.6477549164 0.6248441426 0.9 -46.03317955 101436.4227 101367.7335 1 0.836435483 0.9109876465 0.4339689053 
10.72560204 10.72427885 0.1231711679 -0.11493977 -0.6140158615 0.6580281895 0.9 -43.02009675 101436.6852 101367.5541 1 0.836435483 0.9109876465 0.4339689053 
10.72552735 10.72420417 0.1134092342 -0.1245802458 -0.6655227824 0.6058844247 0.9 -47.68743964 101436.641 101367.5109 1 0.836435483 0.9109876465 0.4339689053 
10.71197592 10.71065441 0.1468207825 -0.08218196626 -0.4395758586 0.7853567127 0.9 -29.23763357 101436.6183 101367.6627 1 0.8889751015 0.90718158 0.3965517394 
10.70273148 10.70141111 0.1121738737 -0.1252134076 -0.6703301372 0.6005613736 0.9 -48.14406152 101436.4811 101367.6446 1 0.836435483 0.9109876465 0.4339689053 
10.69127132 10.68995236 0.1165848339 -0.1208671231 -0.6477549164 0.6248441426 0.9 -46.03317955 101436.4227 101367.7335 1 0.836435483 0.9109876465 0.4339689053 
10.67228278 10.67096617 0.1349349665 -0.09946534444 -0.5340026183 0.7244697378 0.9 -36.39524264 101436.2856 101367.8402 1 0.8889751015 0.90718158 0.3965517394 
10.73704921 10.7357246 0.1233059462 -0.1150588837 -0.6139968702 0.6580459099 0.9 -43.01844313 101436.7635 101367.4848 1 0.836435483 0.9109876465 0.4339689053 
10.71088782 10.70956645 0.1372089332 -0.09735592091 -0.5207934471 0.7340224956 0.9 -35.35741812 101436.5577 101367.6162 1 0.8889751015 0.90718158 0.3965517394 
10.70794392 10.70662291 0.1482258085 -0.07948597018 -0.4253153062 0.7931698721 0.9 -28.20239845 101436.5996 101367.696 1 0.8889751015 0.90718158 0.3965517394 
10.68027241 10.67895481 0.1418419331 -0.08957542105 -0.4805452099 0.7609795528 0.9 -32.27305762 101436.3756 101367.8277 1 0.8889751015 0.90718158 0.3965517394 
10.6672368 10.66592081 0.1415977048 -0.08957858805 -0.4811494719 0.7605976498 0.9 -32.31856655 101436.2865 101367.9058 1 0.8889751015 0.90718158 0.3965517394 
10.68094043 10.67962274 0.1375359186 -0.09607435544 -0.5153787119 0.7378343081 0.9 -34.93584368 101436.3572 101367.8007 1 0.8889751015 0.90718158 0.3965517394 
10.7050746 10.70375394 0.1447434098 -0.08557509245 -0.4580205213 0.7747451115 0.9 -30.59239738 101436.5594 101367.6926 1 0.8889751015 0.90718158 0.3965517394 
10.7011917 10.69987152 0.1509208233 -0.07400100858 -0.3962156162 0.8080987533 0.9 -26.12009926 101436.5714 101367.7547 1 0.8889751015 0.90718158 0.3965517394 
10.67477246 10.67345554 0.1482619456 -0.0783090537 -0.4203198276 0.7958282504 0.9 -27.84213614 101436.3763 101367.8989 1 0.8889751015 0.90718158 0.3965517394 
10.65342053 10.65210625 0.1452643163 -0.08306524613 -0.4467425496 0.7813024159 0.9 -29.76184598 101436.2145 101368.0108 1 0.8889751015 0.90718158 0.3965517394 
10.64602226 10.64470888 0.1436458393 -0.08560696026 -0.4607326815 0.7731353569 0.9 -30.79318794 101436.1554 101368.0464 1 0.8889751015 0.90718158 0.3965517394 
10.67962137 10.67830385 0.1400046937 -0.09240208279 -0.4957399925 0.7511697149 0.9 -33.42452182 101436.3613 101367.8217 1 0.8889751015 0.90718158 0.3965517394 
10.69995798 10.69863795 0.1476967557 -0.08020223409 -0.4294682801 0.7909290185 0.9 -28.50282782 101436.5425 101367.7416 1 0.8889751015 0.90718158 0.3965517394 
10.66083073 10.65951553 0.1411150954 -0.09015017562 -0.4845106612 0.7584610284 0.9 -32.5721279 101436.2407 101367.9422 1 0.8889751015 0.90718158 0.3965517394 
10.66106091 10.65974568 0.1515407443 -0.07125403866 -0.3829436973 0.8144716094 0.9 -25.1827798 101436.3056 101368.0041 1 0.8889751015 0.90718158 0.3965517394 
10.6527508 10.65143659 0.148996789 -0.07614455321 -0.4095466765 0.8014252671 0.9 -27.069226 101436.233 101368.0379 1 0.8889751015 0.90718158 0.3965517394 
10.66178022 10.6604649 0.142394488 -0.08814379776 -0.4736849784 0.7652685045 0.9 -31.75797583 101436.2542 101367.9435 1 0.8889751015 0.90718158 0.3965517394 
10.66998843 10.6686721 0.1452036642 -0.0836935767 -0.44942297 0.7797637234 0.9 -29.9586107 101436.3255 101367.9096 1 0.8889751015 0.90718158 0.3965517394 
10.6870898 10.68577136 0.1543331721 -0.06603106573 -0.3540089515 0.8274577785 0.9 -23.16354074 101436.5005 101367.8649 1 0.8889751015 0.90718158 0.3965517394 
10.67792975 10.67661244 0.1555962226 -0.06261278604 -0.3359704574 0.8349442149 0.9 -21.92012876 101436.4485 101367.9306 1 0.8889751015 0.90718158 0.3965517394 
10.66106091 10.65974568 0.1515407443 -0.07125403866 -0.3829436973 0.8144716094 0.9 -25.1827798 101436.3056 101368.0041 1 0.8889751015 0.90718158 0.3965517394 
10.67122563 10.66990914 0.148588276 -0.07756775951 -0.4164792818 0.7978447339 0.9 -27.56597693 101436.3545 101367.9226 1 0.8889751015 0.90718158 0.3965517394 
10.68111165 10.67979395 0.1557959292 -0.06224902844 -0.3339190635 0.8357666944 0.9 -21.77942181 101436.4714 101367.9127 1 0.8889751015 0.90718158 0.3965517394 
10.70411196 10.70279142 0.1490176308 -0.07786149296 -0.4167720116 0.7976918662 0.9 -27.58700148 101436.5788 101367.7244 1 0.8889751015 0.90718158 0.3965517394 
10.72243995 10.72111715 0.1558125268 -0.06393755648 -0.341654872 0.832634473 0.9 -22.31075885 101436.7497 101367.6593 1 0.8889751015 0.90718158 0.3965517394 
10.71190906 10.71058756 0.1564953576 -0.06179860389 -0.3305497464 0.8371049156 0.9 -21.548616 101436.6841 101367.7293 1 0.8889751015 0.90718158 0.3965517394 
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Figure B.1. Omniprobe mounted on the floor of the tornado/microburst simulator. 
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Figure B.2. Mounting of the Omniprobe underneath the floor of the tornado/microburst simulator 
using a traverse system. 
 
 
 
Figure B.3. Traditional experimental setup of the omniprobe for straight-line flow. 
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Figure B.4. (a) Photo and (b) schematic diagram of port connections on the DSAs. 
(a) 
(b) 
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Figure B.5. Omniprobe software. 
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